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Preface

The treatment of patients with and at risk for bradycardia, tachycardia, and heart 
failure depends on implantable and wearable cardiac electrical devices. Cardiac 
implantable electrical devices (CIEDs) include pacemakers, implantable 
cardioverter- defibrillators, cardiac resynchronization devices, and implantable 
monitors. CIEDs are managed by a variety of health-care providers including elec-
trophysiologists, cardiologists, and associated professionals including nurses and 
technicians.

Many management issues for patients with CIEDs are well established and 
straightforward. Others are more complex and challenging and have a body of pub-
lished medical evidence that is ambiguous, poorly defined, or controversial.

This book addresses the most important of the tough contemporary clinical 
issues facing clinical cardiac electrophysiology providers and is designed to support 
those who treat patients in real-world practice. It includes contributions by widely 
recognized international leaders in the field and focuses on the most unsettled con-
troversies. Genuine experts have been charged with creating practical value to clini-
cians and staff members. High-profile and sometimes controversial contemporary 
topics include implantable defibrillators for nonischemic cardiomyopathy, His- 
bundle pacing, ethical issues at end life, risk stratification, decision-making for 
resynchronization devices, and much more.

Short Hills, NJ, USA  Jonathan S. Steinberg 
Philadelphia, PA, USA  Andrew E. Epstein
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Chapter 1
The Use of Implantable Cardioverter- 
Defibrillators in Nonischemic 
Cardiomyopathy

Jens Jakob Thune and Lars Køber

 Introduction

In people with cardiac arrest due to ventricular arrhythmia, the application of an 
electrical shock to the myocardium may terminate the ventricular arrhythmia and 
resuscitate the patient. In 1985, the approval of the implantable cardioverter- 
defibrillator made it possible to protect persons at high risk of cardiac arrest. While 
the first versions of the ICD were bulky and had to be placed in the abdomen with 
epicardial shock wires placed surgically, improvements in the design has made ICD 
implantation no more complicated than conventional pacemaker placement. Hence, 
ICDs today may be implanted in almost any patient and the decision to implant an 
ICD is based on an assessment of the likelihood of obtaining lifesaving therapy 
from the device compared to the short- and long-term risks associated with implan-
tation, such as infection and inappropriate shocks.

Nonischemic cardiomyopathy is an umbrella term for a wide array of myocardial 
diseases where the impaired myocardial function is not caused by coronary artery 
disease. Thus, nonischemic cardiomyopathy may be secondary to valvular heart 
disease, congenital heart disease, or hypertension; it may be part of a systemic dis-
ease such as sarcoidosis, systemic lupus, or amyloidosis; it may be genetic such as 
hypertrophic cardiomyopathy, arrhythmogenic ventricular cardiomyopathy, or 
familial dilated cardiomyopathy; it may be caused by drugs such as cocaine or anti-
neoplastic compounds; it may be caused by infection; or it may be idiopathic.
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This chapter discusses the use of ICDs in patients with heart failure and reduced 
left ventricle systolic function, which is not explained by coronary artery disease.

 Secondary Prevention

As ICDs work by terminating malignant ventricular arrhythmia, the persons most 
likely to benefit are those who have already had such an arrythmia. Therefore, ICDs 
are offered to everyone with nonischemic cardiomyopathy, who have had ventricu-
lar fibrillation or sustained ventricular tachycardia, where the arrythmia was not due 
to obviously reversible factors such as severe hypokalemia, or the patient has a very 
high risk of death within a year due to other causes.

Three secondary prevention trials included a combined 292 patients with non-
ischemic cardiomyopathy, the Antiarrhythmics versus Implantable Defibrillators 
Trial (AVID) [1], the Canadian Implantable Defibrillator Study CIDS) [2], and the 
Cardiac Arrest Study Hamburg (CASH) [3]. Of these trials, only AVID and CIDS 
reported outcomes for the subgroup of patients with nonischemic cardiomyopathy. 
Both trials found a trend towards reduction in mortality with ICD implantation, but 
because of the low number of patients, neither was statistically significant. In a 
combined analysis of the two trials, ICD implantation was associated with a hazard 
ratio of 0.69 with a statistically nonsignificant p-value of 0.22 [4]. However, when 
including the much larger number of patients with ischemic heart disease in the 
analysis, the reduction in mortality becomes statistically significant and with no hint 
of a difference in effect of ICD implantation between patients with and without 
ischemic heart disease [5]. For this reason, guidelines recommend that all patients 
who have survived a sustained ventricular arrhythmia should be offered an ICD.

 Primary Prevention

Some patients with nonischemic systolic heart failure are at such high risk of death 
due to ventricular arrhythmia that an ICD is recommended for primary prevention. 
However, the risk of sudden cardiac is lower than for patients who have already 
experienced arrhythmia. This means that other competing causes of death become 
relatively more likely and that the survival benefit from an ICD decreases while the 
risk of complications is unchanged.

There have been six primary prevention trials in which patients with nonisch-
emic cardiomyopathy were included, Table 1.1.

The trials were comparable in some respects such as the typical patient being a 
middle-aged Caucasian male with severely reduced left ventricular ejection frac-
tion. But because trials were conducted over a 15-year period, there was a marked 

J. J. Thune and L. Køber
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Table 1.1 Trials of ICD implantation for primary prevention including patients with nonsichemic 
cardiomyopathy

CAT [6]
AMIOVIRT 
[7]

DEFINITE 
[8]

SCD- 
HeFTa 
[9]

COMPANIONb 
[10]

DANISH 
[11]

Number of 
patients in trial

104 103 458 2521 1520 1117

Number of 
patients in ICD 
arm

50 51 229 829 595 557

Age (years) 52 (mean) 59 (mean) 58 (mean) 60 66 63
Nonischemic 
etiology

100 100 100 48 45 100

Male 80 71 71 77 67 72
Duration of 
heart failure

3 months 
(mean)

3.2 years 
(mean)

2.8 years 
(mean)

NR 3.5 years 1.8 years

CRT – – – – 100 c 58
Atrial 
fibrillation

16 NR 25 17 0 22

Diabetes NR 34 23 31 41 19
LVEF 24 (mean) 23 21 (mean) 24 22 25
QRS (ms) 108 

(mean)
NR 112ms 

(mean)
NR 160 146

NYHA
  I 15 22 – – –
  II 65 63 57 68 – 54
  III 35 20 21 32 86 45
  IV – – 14 1
Medication
  ACE/ARB 96 85 86–97 94 90 97
  Beta blocker 4 51 85 69 68 92
  MRA NR 19 NR 20 55 58
Follow-up time 
(months)

66 (mean) 24 (mean) 29 (mean) 46 16 68

Numbers represent percent or median unless indicated
ARB angiotensin receptor blocker, MRA mineralocorticoid receptor antagonist, CRT cardiac resyn-
chronization therapy, CAT the cardiomyopathy trial, AMIOVIRT amiodarone versus implantable 
cardioverter-defibrillator: randomized trial in patients with nonischemic dilated cardiomyopathy 
and asymptomatic nonsustained ventricular tachycardia, DEFINITE defibrillators in nonischemic 
cardiomyopathy treatment evaluation, NR not reported, SCD-HeFT sudden cardiac death in heart 
failure trial, COMPANION comparison of medical therapy, pacing, and defibrillation in heart fail-
ure, DANISH Danish study to assess the efficacy of ICDs in patients with nonischemic systolic 
heart failure on mortality
aDescriptive statistics are presented for the ICD group (n = 829)
bDescriptive statistics are presented for the CRT-D group (n = 595)
cNo patients received an ICD only, patients who got a device received cardiac resynchronization 
therapy with or without a defibrillator

1 The Use of Implantable Cardioverter-Defibrillators in Nonischemic Cardiomyopathy
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difference in concomitant medical therapy, and consequently a wide difference in 
risk of all-cause and sudden cardiac death. Most of the trials had fewer patients on 
betablockers and mineralocorticoid receptor antagonist than would be acceptable 
with current medical management of heart failure patients. Four trials included only 
patients with nonischemic heart failure, while the two remaining trials included 
both patients with ischemic and nonischemic etiology.

Only DEFINITE and DANISH were designed and powered to detect a difference in 
all-cause mortality for patients with nonischemic heart failure. Both trials were neutral. 
The SCD-HeFT trial did not specifically find a p-value below 0.05 in the subgroup of 
patients with nonischemic heart failure, but this was very likely due to low power as 
there was no interaction between ischemic or nonischemic etiology on the effect of 
ICD implantation. The only trial with a p-value below 0.05 for the effect of ICD 
implantation in patients with nonischemic heart failure was the post hoc comparison of 
patients with nonischemic etiology who received cardiac resynchronization therapy 
with or without a defibrillator function in COMPANION. Yet, all trials trended towards 
a mortality lowering effect of ICD implantation, and taken together there is a statisti-
cally significant 23% reduction in hazard of all-cause death with ICD implantation 
(Fig. 1.1). This reduction in all-cause mortality is driven by a substantial 60% reduction 
in sudden cardiac death. Because of these results, international guidelines recommend 
ICD implantation in patients with nonischemic systolic heart failure [12, 13].

 Individual Risk Stratification

For some patients with nonischemic systolic heart failure, an ICD is not likely to 
substantially prolong life. This is the case for patients who are either simply at a low 
risk of sudden cardiac death in general or patients with a nonnegligible risk of sud-
den cardiac death but whose risk of death from nonsudden causes overshadows this 
risk. For such patients, the risk-benefit ratio with ICD implantation is reduced.

0.2

AMIOVIRT
CAT
COMPANION
DANISH
DEFINITE
SCD-HeFT

0.87 (0.29, 2.58)
0.80 (0.39, 1.63)
0.57 (0.35, 0.93)
0.87 (0.68, 1.12)
0.65 (0.40, 1.06)
0.73 (0.50, 1.07)

0.4 0.8 1.6

Study

Fixed effects meta-analysis
Random effects meta-analysis

0.77 (0.65, 0.91)
0.77 (0.65, 0.91)

Hazard Ratio Estimate 95% CI

3.2

Fig. 1.1 Meta-analysis of the effect of ICD-implantation on all-cause death in patients with non-
sichemic cardiomyopathy. lower hazard ratio favors ICDw

J. J. Thune and L. Køber
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An example of this is older patients. In the DANISH trial, there was a significant 
interaction between the age and the effect of ICD implantation on all-cause  mortality 
in that older patients did not benefit from ICD implantation as opposed to younger 
patients (Fig. 1.2) [14]. This decline in effect of ICD implantation with age was due 
to a decrease in relative risk of sudden cardiac death compared to other modes of 
death with age. While the absolute risk of sudden cardiac death was unchanged in 
older patients, the risk of nonsudden death was markedly increased. And as ICD 
implantation only affects sudden cardiac death, the benefit of ICD implantation 
decreased, not because of a reduced effect on sudden cardiac death, but because of 
a much higher risk of other modes of death.

In line with this thinking, investigators attempt to identify patients at high abso-
lute and relative risk of sudden cardiac death. It does remain, however, very difficult 
to identify risk factors that increase the risk of dying suddenly as opposed to dying 
nonsuddenly, as most risk factors increase the risk of both sudden and nonsudden 
death equally. The Seattle Proportional Risk Model was developed to determine the 
likelihood of death being sudden or nonsudden in patients with heart failure who 
died (Fig. 1.3) [15]. This model has been validated in several cohorts, and it has 
been shown to identify patients who benefitted from ICD implantation in SCD- 
HeFT and DANISH. As can be seen from the figure, factors that are usually associ-
ated with more advanced heart failure such as low sodium levels and high New York 

Age-specific treatment effect

Age

20

0.
5

1.
0

1.
5

H
az

ar
d 

ra
tio

2.
0

30 40 50 60 70 80

Fig. 1.2 The relation between age and risk of all-cause mortality regarding ICD treatment or 
control. On the x-axis age in years and on the y-axis the hazard ratio (HR). The dashed blue line 
indicates hazard ratio =1, which corresponds to an equal mortality in patients treated with ICD and 
control. The black line illustrates the risk for all-cause mortality according to age, and the dashed 
red lines are the 95% confidence interval. ICD denotes implantable cardioverter-defibrillator

1 The Use of Implantable Cardioverter-Defibrillators in Nonischemic Cardiomyopathy
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Heart Association Class confer a relatively higher likelihood of dying suddenly as 
opposed to nonsuddenly. Hence, The Seattle Proportional Risk Model indicates that 
ICDs are more favorable in patients with less advanced and less symptomatic heart 
failure.

Another way to potentially identify patients at higher risk of sudden cardiac 
death and hence higher likelihood of benefit from ICD implantation is by cardiac 
imaging. A left ventricular ejection fraction below 35% is already used as a risk 
marker, but it is far from perfect. Currently, most attention is paid to the possibility 
of using gadolinium-enhanced cardiac magnetic resonance imaging to identify 
localized cardiac fibrosis, which may serve as a substrate for ventricular arrhythmia. 
Localized fibrosis, identified by late gadolinium enhancement, is strongly corre-
lated to the risk of overall and sudden cardiac death, and theoretically this late gado-
linium enhancement might therefore serve as an indicator as to which patients 
should be offered an ICD [16]. However, there have been no prospective random-
ized studies on the effect of ICD in patients with late gadolinium enhancement, and 
in the subgroup of patients in the DANISH study that underwent cardiac magnetic 
resonance imaging, there was no sign of an increased effect of ICD in the group of 
patients who had late gadolinium enhancement. It therefore remains to be seen if 
late gadolinium enhancement on cardiac magnetic resonance imaging will improve 
selection of patients for ICD implantation.

An additional marker with potential for identifying risk of sudden cardiac death 
is bilateral ventricular dysfunction. Patients with right ventricular dysfunction in 
addition to left ventricular dysfunction have a much higher risk of sudden cardiac 
death. In the DANISH cardiovascular magnetic resonance subgroup, patients with 
right ventricular dysfunction lived longer with ICD implantation, whereas patients 
with only left-sided dysfunction did not benefit from ICD implantation [17].

Several, less common causes of nonischemic systolic heart failure are associated 
with a particular high risk of SCD (e.g., certain genetic cardiomyopathies) and 

Seattle proporational risk model

Older age
Female
Higher EF
NYHA III or IV
Lower BMI
Elevated Creatinine
Serum Sodium <138
Diabetes Mellitus
SBP <>140 mm Hg
No Digoxin Use

Younger age
Male
Lower EF
NYHA I or II
Higher BMI
Normal Creatinine
Serum Sodium ≥138
No Diabetes Mellitus
SBP ˜140 mm Hg
Digoxin Use

Non-sudden death Sudden death

Fig. 1.3 Illustration of 
factors that increase the 
relative likelihood of 
sudden or non-sudden 
death in the Seattle 
Proportional Risk Model

J. J. Thune and L. Køber
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guidelines recommend prophylactic ICD implantation for an increasing number of 
patients without specific trial data being available. This may be the correct strategy. 
However, as these patients at particular high risk of SCD have most likely been 
included (without knowledge of the mutation) in the trials that have convinced car-
diologists of recommending ICD to patients with nonischemic systolic heart failure 
in general, it is likely that there are some other subsets of patients who then benefit 
very little from this general strategy.

 Effect of ICD in Patients Who Are Candidates for Cardiac 
Resynchronization Therapy

Cardiac resynchronization therapy reduces morbidity and mortality for patients 
with left ventricular dysfunction and left bundle branch block. Patients who are 
candidates for cardiac resynchronization therapy often also fulfil criteria for ICD 
implantation. However, as the benefit of ICD implantation is related to the risk of 
sudden cardiac death and this risk decreases markedly with cardiac resynchroniza-
tion therapy, the benefit of ICD implantation might be considerably less than in 
patients who do not receive concomitant cardiac resynchronization therapy. Indeed, 
observational data suggest this is the case [16, 18]. In addition, while the 
COMPANION trial did find an effect of adding a defibrillator to cardiac resynchro-
nization therapy in patients with nonischemic heart failure, DANISH did not, and 
taken together, there is no statistical evidence of effect (Fig. 1.4).

Thus, there is not much evidence to support the use of defibrillators in patients 
with nonischemic heart failure who are candidates for cardiac resynchronization 
therapy. However, guidelines advocate the use of a defibrillator with cardiac resyn-
chronization therapy, and given that the risk associated with implantation of a defi-
brillator electrode instead of a normal right ventricular electrode is small, it might 
be argued that any benefit from adding a defibrillator, however small, is risk- and 
cost-effective.

COMPANION
DANISH, CRT subgroup

0.57 (0.35, 0.93)
0.91 (0.64, 1.29)

Fixed effects meta-analysis
Random effects meta-analysis

0.78 (0.58, 1.03)
0.74 (0.47, 1.17)

Study Hazard ratio Estimate 95% CI

0.2 0.4 0.8 1.6 3.2

Fig. 1.4 Meta-analysis of the effect of ICD implantation in addition to cardiac resynchronization 
therapy on all-cause death in patients with nonsichemic cardiomyopathy. Lower hazard ratio 
favors ICD

1 The Use of Implantable Cardioverter-Defibrillators in Nonischemic Cardiomyopathy
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 Conclusion

In summary, ICD implantation for patients with nonischemic heart failure is recom-
mended by international guidelines for secondary prevention, as well as for primary 
prevention in patients who are symptomatic with left ventricular ejection fraction 
below 35%. Further efforts to identify patients who are likely to benefit from ICD 
implantation are under way. In the meantime, individual patient characteristics indi-
cating likelihood of dying suddenly should be taken into account, particularly for 
older patients.
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Chapter 2
Risk Stratification Beyond Left Ventricular 
Ejection Fraction: Role of Cardiovascular 
Magnetic Resonance

Francisco Leyva

 Introduction

In the United States, sudden cardiac death (SCD) affects 184,000–462,000 indi-
viduals per annum [1]. In Europe, annual incidence of SCD ranges between 50 and 
100 per 100,000 population [2]. Although not all SCDs are due to ventricular 
tachyarrhythmias, up to 80% of out-of-hospital cardiac arrests are due to ventricular 
tachycardia (VT) or ventricular fibrillation (VF) [3, 4]. Whilst coronary heart dis-
ease accounts for most cases, around 20% are attributable to non-ischaemic causes 
or channelopathies.

Prominent amongst the purposes of risk stratification for SCD is the identifica-
tion of patients who may benefit from implantable cardioverter defibrillator (ICD) 
therapy, the only life-saving therapy for patients at risk of SCD. In patient selection, 
clinical guidelines on primary prevention ICD therapy have adopted left ventricular 
ejection fraction (LVEF<30% or 40%) as the main criterion. Whilst randomized, 
controlled trials adopting a low LVEF as a risk stratifier have indeed shown a benefit 
from ICDs, it is well recognized that LVEF is a poor predictor of SCD in patients 
with or without cardiac disease. Moreover, most patients who succumb to a SCD 
fall outside the LVEF cut-offs recommended for primary prevention ICD implanta-
tion. In addition, most patients who actually receive an ICD do not develop ven-
tricular arrhythmias (VAs) requiring ICD therapy [5].

Some authors have proposed that the myocardial phenotype could be a better 
predictor of ventricular arrhythmias (VAs) than LVEF [6]. Cardiovascular magnetic 
resonance (CMR) is now the gold standard for the characterization of myocardial 
phenotypes. By means of late gadolinium enhancement, CMR can inform on the 
quantity and patterns of myocardial scar. This review focuses on how CMR can 
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contribute to the arrhythmic risk stratification of patients with ischaemic (ICM) and 
non-ischaemic (NICM) cardiomyopathy and how it may help in selecting patients 
for an ICD.

 What Is ‘High Risk’ of SCD?

There is no consensus as to what constitutes a ‘high risk’ of SCD in patients with 
ICM or NICM. There is, however, consensus in patients with hypertrophic cardio-
myopathy. In the latter, an estimated 6% over 5 years, which equates to an annual 
risk of 1.2%, is considered high enough to recommend ICD therapy. However, the 
annual risk of SCD in ICM and NICM is as high as 2.6% (Fig. 2.1). On this basis, 
one could propose that a patient with ICM or NICM with an estimated 6% risk of 
SCD over 5 years should be considered for an ICD.

 Definition of Cardiomyopathy

In the ACC/AHA/HRS 2006 Key Data Elements and Definitions for 
Electrophysiological Studies and Procedures, idiopathic cardiomyopathy is defined 
as ‘heart failure and reduced systolic function without evidence of other cardiomy-
opathies, including toxic cardiomyopathy, inflammatory myocarditis, valvular heart 
disease, tachyarrhythmia-induced cardiomyopathy, hypertrophic cardiomyopathy, 
cardiomyopathies associated with neuromuscular disorders and arrhythmogenic 
right ventricular cardiomyopathy’. Outside this definition, however, there will be 
patients who do not have clinical signs of heart failure, who may have reduced LV 
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Fig. 2.1 SCD risk. Annual risk of sudden cardiac death (SCD) in the control (no ICD) arms of the 
Multicentre Automatic Defibrillator Implantation Trials (MADIT) and the Sudden Cardiac Death 
in Heart Failure Trials (SCD-HeFT) in relation to the level of risk for which an ICD is recom-
mended for patients with hypertrophic cardiomyopathy (HCM)
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function but a non-dilated LV or a myocardial scar but without LV dilation or LV 
dysfunction. Moreover, this definition does not specify cut-offs of LVEF or LV vol-
umes, nor does it refer to the size or pattern of myocardial scar. To confound mat-
ters, the popular term ‘NICM’, referred to in device trials, is usually defined as LV 
dysfunction in the absence of coronary heart disease. In interpreting the findings of 
studies presented herein, the reader is advised to take into account variations in the 
definition of cardiomyopathy.

 LVEF as a Risk Stratifier

LVEF is the most widely used imaging parameter in routine cardiology practice. 
Despite its limitations, elegantly discussed by Marwick [7], LVEF deserves cre-
dence in clinical decision-making, from the treatment for patients with MI to heart 
failure valvular heart disease and arrhythmias.

Few studies have explored LVEF in relation to SCD in the general population. In 
the Oregon Sudden Unexpected Death Study, a community-based study comprising 
660,486 individuals, a retrospective assessment revealed that out of 121 SCD cases, 
LVEF before the SCD or aborted SCD was ≤35% in 17%, 36–54% in 22% and 
≥55% in 48% [8]. The ability of LVEF to predict SCD in these patients, however, 
was poor (C-statistic, 0.57) (Fig.  2.2) [9]. In the Maastricht Circulatory Arrest 
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Fig. 2.2 LVEF as a 
predictor of SCD. Receiver 
operating characteristic 
curves for LVEF in relation 
to SCD. As shown, LVEF 
alone had poorest 
performance. Adjustment 
for age, gender, diabetes 
and hypertension improved 
performance. The adjusted 
model with LVEF plus 
ECG risk markers provided 
the best performance 
(C-statistic 0.72 vs. 0.64; 
p < 0.0001). (Reproduced 
with permission from 
Reinier et al. [9])

2 Risk Stratification Beyond Left Ventricular Ejection Fraction: Role…



14

Registry, the predictive value of LVEF was not explored, but 51% of persons suffer-
ing a cardiac arrest had an LVEF≥50% prior to the event [10].

In the context of coronary heart disease, the first evidence in support of LVEF as 
a high-risk prognostic marker after a MI was provided by the Multicenter 
Postinfarction Research Group in the 1980s [11]. In the subsequent Canadian 
Assessment of Myocardial Infarction (CAMI) study, the odds ratio for 1-year mor-
tality after MI was 9.48 for patients with LVEF≤30% and 2.94 for patients with an 
LVEF 30–40%, compared with patients with an LVEF>50% [12]. A similar trend 
was observed in the Autonomic Tone and Reflexes After Myocardial Infarction 
(ATRAMI) study, in which cardiac mortality after MI was 7.3 higher in patients 
with an LVEF<35%, compared to patients with an LVEF>50% [13]. These studies 
showed that patients in the different LVEF categories have varying risks, but this 
does not equate to proof of predictive utility. This was illustrated by the Risk 
Estimation Following Infarction Noninvasive Evaluation (REFINE) study, in which 
multiple variables were considered as potential predictors of cardiac death or 
aborted SCD [14]. It showed that whilst patients with an LVEF≤30% had a 3.3 
times higher risk of the endpoint, the receiver operating characteristic (ROC) curve 
was only 0.62. In the ISAR-Risk, comprising 2343 MI survivors, an LVEF≤30% 
emerged as a predictor of SCD at 5 years, but with a poor sensitivity (22.1%), speci-
ficity (95.4%) and positive predictive value (12.0%) [15].

In primary prevention ICD trials, there is no doubt that patients selected on the 
basis of LVEF derive a benefit from ICDs. In the Multicentre Automatic Defibrillator 
Implantation Trial II (MADIT-II) of 1232 post-MI patients with an LVEF ≤30% 
randomized to ICD or conventional medical therapy, mortality was lower with ICDs 
(14.2% vs. 19.8%) [16]. In the Sudden Cardiac Death in Heart Failure Trial (SCD- 
HeFT) of patients with ICM or NICM, ICD therapy was associated with a 23% 
reduction in mortality, compared to amiodarone [17].

Whilst a low LVEF denotes a ‘high-risk’ group of patients who can benefit from 
ICD therapy, this does not equate to LVEF being a reliable predictor of SCD. For a 
prognostic biomarker to be useful, it must be able to predict clinical outcomes or 
treatment effect, regardless of other clinical features or biomarkers. The limited spec-
ificity of LVEF in the risk stratification for SCD relates to the fact that it is a measure 
of pump function, rather than arrhythmic substrates. Patients with a low LVEF may 
therefore succumb to pump failure rather than VAs, which amounts to a competing 
risk. We should also consider that predicting SCD in non-ICD recipients is not the 
same as predicting the effectiveness of ICD therapy. In this context, the National 
Heart, Lung, and Blood Institute and Heart Rhythm Society report on SCD predic-
tion and prevention has recognized the limitations of LVEF in predicting SCD [18].

 Myocardial Scar and Arrhythmias: The Paradigm

Myocardial scar is a fibroblastic response to necrosis. Whilst the core of scar is 
electrically inert, the surrounding tissue, which consists of a borderzone of viable 
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cardiomyocytes and fibrotic bundles [19, 20], is electrically active [21]. In the melt-
ing pot of the borderzone of scar, isthmuses with slow and fast conduction are the 
seat of VAs [22, 23]. Electrically, these substrates can be identified by abnormal 
electrograms, re-entry circuits and late potentials [24].

 Myocardial Scar and Arrhythmias: Clinical Evidence

By virtue of its unparalleled ability to identify myocardial, CMR is the gold stan-
dard for the characterization of myocardial phenotypes (Fig. 2.3). Several identifi-
able ‘imaging substrates’ have been shown to relate to VAs, namely, the total amount 
of scar core or ‘scar burden’, the total amount of borderzone of scar and ‘channels’ 
within and between borderzones of scar.

Scar Core The obvious question is whether the total amount of scar, or scar ‘bur-
den’, relates to poor outcomes. In this respect, scar burden certainly relates to poor 
outcomes after revascularization [25–28] and pharmacologic therapy [29]. 
Numerous studies have also linked total scar (scar core) with SCD and VAs. In ICM, 
a prospective cohort study on 137 patients referred for ICD implantation showed 
that a scar size >5% of the LV mass adds to the prognostic value of LVEF in predict-
ing death or appropriate ICD therapy for VAs [30] (Fig. 2.4). In a substudy of the 
Multicentre Automatic Defibrillator Implantation Trial II (MADIT-II), the size of 
myocardial perfusion defects at rest on nuclear imaging emerged as a predictor of 
VAs [31]. Whilst not all studies have found a link between scar burden and arrhyth-
mic events in ICM [32] or inducibility on electrophysiological testing [33], meta- 
analyses do support a link [34].

The association between scar and SCD/VAs also appears to hold in NICM. Using 
LGE-CMR study of 65 patients with NICM undergoing ICD therapy, Wu et  al. 
found that the endpoint of SCD or appropriate ICD shock was reached in 22% 
patients with CMR evidence of scar versus 8% of patients without scar [35]. In a 
meta-analysis of 1488 patients with NICM from nine studies, Kuruvilla et  al. 
showed that total myocardial scar was associated with a higher risk of SCD/aborted 
SCD patients (6.0% versus 1.2% in patients with no scar) [36] (Fig. 2.5). In a cor-
roborative meta-analysis, Ganesan et al. also found that presence of scar (versus 
absence) was associated with hazard ratio of 4.25 for SCD or ventricular arrhythmia 
[34]. Importantly, this association was observed in both NICM and ICM and in 
patients with LVEF≥35% and LVEF>35%.

Even within the positive studies showing a link between scar burden and SCD/
VAs, there is no validated cut-off of myocardial scar that one could adopt as a 
 predictor of SCD in clinical practice. Therefore, scar burden should not, by itself, be 
used as a predictor SCD or as indication for an ICD.

Borderzone of Scar As discussed above, the borderzone of scar constitutes the 
arrhythmic substrate. Intuitively, therefore, the borderzone of scar should be a better 
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predictor of VAs than the scar core. In an early study, Schmidt et  al. found that 
 borderzone of scar predicted inducibility for VT on electrophysiological testing, 
whilst neither scar burden (core) nor LVEF emerged as predictors [33]. In a study of 
91 patients with a previous MI, Roes et al. found that borderzone of scar, but not 
scar core, predicted VAs requiring ICD therapy (Fig. 2.6) [32]. Jablonowski et al. 
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also explored the predictive utility of different post-processing algorithms in risk 
stratification of patients with ICM or NICM [37]. They found that in ICM, border-
zone measured by various methods consistently predicted ICD therapy (negative 
predictive value of 92%) in ICM. In NICM, however, only total scar and not border-
zone emerged as a predictor.

Scar Patterns Myocardial scar patterns depend on and are a marker of etiology. In 
coronary heart disease, ischaemia resulting from coronary artery occlusion initially 
leads to injury of the subendocardium. With increasing ischaemia, injury involves 
the mid-myocardium and ultimately the epicardium. Consequently, myocardial scar 
in ICM runs from the subendocardium and becomes transmural, within coronary 
artery territories. In contrast, myocardial injury in NICM scar is typically patchy, 
usually in a mid-myocardial or epicardial distribution that does not follow coronary 
artery territories [38].

In an early study of the relationship between scar transmurality and arrhythmo-
genesis, Nazarian et al. found that scar with a transmurality of 26–75% was predic-
tive of inducible ventricular tachycardia (odds ratio, 9.125; P = 0.020), independent 
of LVEF [39]. More recent studies have shown that midwall scar, which is found in 

Fig. 2.4 Myocardial scar and LVEF in relation to outcomes in patients with ischaemic cardiomy-
opathy. Kaplan–Meier estimates of patient outcomes according to LVEF and scar burden. As 
shown, patients with LVEF ≤30% and myocardial scar>5% of LV mass had a higher event rate 
than those with myocardial scar (≤5%) for both the primary (panel a) and the two secondary end-
points (panels b, c). Patients with LVEF ≤30% and minimal or no scarring had similar event rate 
to the entire group of patients with LVEF>30%

2 Risk Stratification Beyond Left Ventricular Ejection Fraction: Role…
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approximately 30% of patients with idiopathic dilated cardiomyopathy, also relates 
to SCD and VAs. In a study of 472 patients with dilated cardiomyopathy, Gulati 
et al. showed that midwall scar was associated with SCD (adjusted HR, 4.61, com-
pared to patients with no midwall scar) [40] (Fig. 2.7). In patients undergoing CRT- 
P, Leyva et al. found that midwall scar was associated with an 18.5-fold risk of death 
from cardiovascular causes [41]. In a further study from this group, cardiac resyn-
chronization therapy with defibrillation (CRT-D) was superior to CRT pacing in 
patients with NICM and midwall scar, but not in patients without midwall scar 
(Fig. 2.8) [42].
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Channels Continuity of borderzone of scar creates ‘channels’ that can potentially 
harbour re-entry circuits. Berruezo’s group has devised a method for identifying 
channels using CMR (Fig. 2.9). In a study of 21 patients with MI and VT, they used 
a three-dimensional high-resolution 3 Tesla acquisition to explore the relationship 
of channels of borderzone and critical isthmuses, identified using electroanatomic 
mapping (CARTO). They found that CMR-defined borderzone channels identified 
74% of the critical isthmus of clinical VTs and 50% of all the channels identified by 
electroanatomic mapping [43]. In a study of 217 patients (39.6% ischaemic), this 
group also showed that among patients with scar (57.6%), those with ICD therapies 
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or SCD had the highest borderzone channel mass [44]. An algorithm based on scar 
mass and absence of borderzone channels identified 68.2% of patients without ICD 
therapy or SCD during follow-up with a 100% negative predictive value. Whilst this 
work provides proof of concept that CMR is able to identify the electrical substrate 
for VAs, it is far from providing a validated diagnostic technique that can be used in 
SCD risk stratification. Moreover, these findings require external validation.
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 The Future

Despite the promise of CMR in the selection of patients for ICD therapy, no random-
ized, controlled trials have emerged. Such trials need to test the intention-to- treat 
principle as to whether risk stratification on the basis of CMR is superior to echocar-
diographic LVEF in improving patient outcomes. The Defibrillators To Reduce Risk 
By Magnetic Resonance Imaging Evaluation (DETERMINE) trial, which set out to 
randomize 1500 patients, was discontinued because of poor recruitment [45]. The 
current CMR Guide Trial (NCT01918215), which includes patients with an LVEF 
36–50%, may throw light on the value of CMR in selecting patients for ICDs.

 Conclusions

There is no doubt that using LVEF to select patients for ICD therapy improves sur-
vival in patients at risk of SCD. Importantly, however, LVEF is ultimately a measure 

10% 25% 50%

75% 90%

Fig. 2.9 Mapping arrhythmogenic channels with CMR.  In mapping borderzone channels with 
CMR, concentric surface layers are created using varying cut-offs of myocardial thickness (10–
90%). A three-dimensional shell is then obtained for each layer, from endocardium to epicardium. 
In the figure, normal myocardium is coded in purple, scar core in red and borderzone in blue, green 
and yellow. (Reproduced with permission from Fernandez-Armenta et al. [43])
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of pump function that is opaque to the myocardial phenotype and the arrhythmic 
substrate. We are currently at a juncture in deciding whether the ‘imaging sub-
strates’ of VAs characterized by CMR can aid or even replace LVEF as a criterion 
for deciding on ICD therapy. So far, however, no scar measure or cut-off thereof has 
been externally validated as a predictor of SCD or benefitted from ICDs. The future 
of delivering the right treatment for the right patient in the field of defibrillation 
must surely rest on the best measures of cardiac function and myocardial phenotype 
that we have available. In this regard, CMR holds the most promise.
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Chapter 3
Wearable Cardioverter-Defibrillators

Evan Adelstein, Norman Wang, and Samir Saba

 Introduction

The wearable cardioverter-defibrillator (WCD) or LifeVest (ZOLL® Corporation, 
Pittsburgh, Pennsylvania, Fig. 3.1) is an external defibrillator that is worn by patients 
who are at increased risk of sudden cardiac death [1]. Through a system of elec-
trodes contacting the patient’s torso, the WCD continuously monitors the cardiac 
rhythm and is automatically activated if a ventricular arrhythmia is detected [2]. The 
WCD in its newest generation has a system of auditory and tactile alarms that notify 
patients if an arrhythmia is detected and a shock is imminent. Conscious patients 
can suspend shock delivery by actively pressing a response button designed to avoid 
inappropriate or unnecessary therapy delivery in the event of false-positive detec-
tion from electrode noise, benign supraventricular tachyarrhythmias, or other rea-
sons. If an arrhythmia is detected in the absence of active suppression of shock 
delivery by a conscious and coherent patient, the WCD automatically releases gel 
from the pads in touch with the skin and delivers shocks (up to 150 J for a maximum 
of five shocks) to terminate the presumed lethal arrhythmia [2].

The goal of the WCD is to provide noninvasive protection of patients at high risk 
for sudden cardiac death (SCD) who do not have a permanent implantable 
cardioverter- defibrillator (ICD) [3–6]. It is often used as a bridge [5] when patients 
are unable to receive an ICD under various conditions, such as in the case of active 
systemic or localized infection or in the presence of a temporary but reversible acute 
illness. It is also often used when patients have an established ICD indication but 
cannot be implanted with a permanent defibrillator during a temporally limited 

E. Adelstein
Albany Medical College, Albany, NY, USA

N. Wang · S. Saba (*) 
Heart and Vascular Institute, University of Pittsburgh Medical Center,  
Pittsburgh, PA, USA
e-mail: sabas@upmc.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-22882-8_3&domain=pdf
mailto:sabas@upmc.edu


28

period of observation or further risk stratification such as in the first 40 days follow-
ing an acute myocardial infarction or 90  days following coronary artery 
 revascularization, or the 3–9-month period following initial diagnosis of nonisch-
emic cardiomyopathy [3–6].

The WCD presents a significant advantage over external automatic defibrillators, 
as it does not require third-party intervention either for the recognition of the car-
diac arrest or for physical placement of the electrode pads on the victim’s chest, 
activation of the system, or following commands. However, what has limited its 
widespread acceptance is a lack of randomized clinical trials, except for the recently 
presented Vest Prevention of Early Sudden Death Trial (VEST) [7], which we detail 
in a subsequent section of this chapter, and poor patient compliance with wearing 
the WCD. Nevertheless, this technology has been approved by the Food and Drug 
Administration for nearly two decades and is included in the Center for Medicare 
and Medicaid Services coverage policies as well as private insurers’ policies, based 
mainly on non-randomized, registry-type data, hinging primarily on a plausible 
safety profile rather than uncontroversial proof of efficacy in saving lives [8]. 
Despite the limited data supporting its efficacy, WCD use has expanded over the 
years, spurred by limitations on ICD use, concerns over the unpredictable nature of 
SCD, and effective corporate marketing.

 Historical Landmarks in the Development of the WCD

The ZOLL® Corporation is currently the sole manufacturer of the WCD, a device 
actively marketed as a tool to protect against SCD but also as a cardiac monitor. The 
inception of the WCD dates to 1986, when a number of engineers who worked on 

Fig. 3.1 The LifeVest (ZOLL® Corporation, Pittsburgh, Pennsylvania) is the only wearable 
cardioverter- defibrillator currently approved by the Food and Drug Administration of the United 
States
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the development of the ICD founded Lifecor, a smaller company located in 
Pittsburgh, Pennsylvania, that manufactured the first WCD, branded as LifeVest. 
Lifecor received Food and Drug Administration approval for the WCD in 2001 for 
use in adults ≥18 years of age, based on a single, non-randomized study. In 2004, 
ZOLL® Corporation was granted exclusive distribution rights for the LifeVest 
before acquiring Lifecor in 2006. In 2012, ZOLL® Corporation, which has been 
marketing the WCD in the United States, Europe, and Israel, entered into agreement 
with Asahi Kasei (Chiyoda, Japan) to promote WCD marketing in Japan [9]. Most 
recently in 2015, ZOLL® Corporation secured Food and Drug Administration 
approval for the use of the WCD in children between the ages of 3 and 17 years who 
weigh no less than 41 lbs and have a chest diameter of at least 26 in. for protection 
against SCD.  Once again, this approval was based on a single, non-randomized 
study [10].

 Technical Aspects of the Wearable Cardioverter-Defibrillator

The components of the LifeVest® Model WCD 3000 (Fig. 3.1) system include a 
garment, a monitor, an electrode belt, a holster, two lithium-ion battery packs 
designed for 24 h of continuous use, a battery charger, and a modem [11]. The gar-
ment has eight sizes to fit chest measurements from 66 to 142 cm (26–56 in.). While 
the device is designed for adults ≥18 years of age, use in pediatric patients has been 
described and recently approved by the Food and Drug Administration.

The electrode belt includes four electrocardiogram (ECG) monitoring electrodes, 
three therapy electrodes (or therapy pads), and a vibration box, all connected by wires. 
Two ECG leads available from the monitoring electrodes record side-to-side and 
front-to-back vectors. The therapy electrodes are configured for an apex- posterior vec-
tor. The therapy electrodes have blisters with protective coatings that contain electro-
lytic gel (Blue™), which is released by a signal that activates a gas- generating device 
sealed within the therapy electrodes. The purpose of the vibration box is to alert the 
patient of impending therapy. Figure  3.2a, b shows examples of successful WCD 
shocks delivered in response to potentially lethal ventricular arrhythmias with suc-
cessful results. Figure 3.3 shows an inappropriate WCD shock delivery due to T-wave 
oversensing. Other causes of inappropriate WCD shocks include electrode noise, 
detection of supraventricular arrhythmias, or a combination of these etiologies.

ECG analysis of QRS complexes is performed using a proprietary arrhythmia 
detection algorithm (TruVector™) [12]. A fast Fourier transform algorithm deter-
mines the heart rate based on the strongest frequency component from independent 
assessments of the two ECG vectors. If the heart rate is above the tachyarrhythmia 
threshold, morphology analysis compares the current QRS complex to a QRS com-
plete template previously obtained during sinus rhythm at the time of device setup. 
If the morphology analysis fails to match, the arrhythmia is deemed treatable. If 
morphology analysis is a match, therapy is not delivered, and monitoring continues. 
If the signal for morphology analysis is unreliable, the algorithm proceeds to heart 
rate, stability, and onset rhythm discrimination criteria.

3 Wearable Cardioverter-Defibrillators
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The device determines the presence of a treatable arrhythmia in approximately 
5–6 s, at which point the vibration alert is activated. Siren alerts then begin, and an 
audible verbal alert is delivered: “press response buttons to delay treatment.” If the 
response button is not pressed, the electrolytic gel is released, and a second audible 
verbal alert is delivered: “bystanders, do not interfere.” Finally, a shock is 
delivered.

Therapies may be programmed with one or two zones. The ventricular fibrilla-
tion and ventricular tachycardia zones may be set from 120 to 250 bpm. The VF 
zone has a default of 200 bpm and a response time of 25 s (programmable up to 
55 s). The VT zone has a default of 150 bpm and a response time of 60 s (program-
mable up to 180 s). Delivered shocks use a biphasic, truncated exponential wave 
form. Up to five shocks can be delivered during an arrhythmic episode. The energy 
delivered is between 75 J and 150 J (±5%), programmable in 25 J increments, at 
20 °C, when discharged into a 50 Ω resistive load. The software will attempt to 
synchronize shocks within 60 ms of the R-wave. If this cannot be achieved within 
3 s, an unsynchronized shock is delivered.

The WCD function can be affected by other implantable pacing devices. Two 
main pacemaker interactions have been described [11]. First, if a pacemaker stimu-
lus artifact continues during a ventricular arrhythmia, the detection algorithm may 
misrecognize the stimulus artifact as the QRS complex. This may result in failure to 
detect and treat a life-threatening arrhythmia. For this reason, the WCD is not rec-
ommended when the pacemaker stimulus artifact is greater than 0.5 mV in any ECG 
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Fig. 3.3 Inappropriate WCD therapies delivered in response to atrial fibrillation with T-wave 
oversensing secondary to low-amplitude QRS complexes. The return rhythm after WCD shock is 
normal sinus rhythm with no further T-wave oversensing
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lead. Second, if the baseline morphology template is acquired during a ventricular 
paced rhythm, a native QRS complex may be interpreted as a failure to match if the 
heart rate exceeds the tachyarrhythmia threshold. Therefore, for those with a paced 
QRS complex during acquisition of the baseline morphology template, the manu-
facturer recommends setting the tachyarrhythmia threshold at 200 bpm.

Information from the LifeVest® can be downloaded to the LifeVest® Network 
for review of events [13]. High-, medium-, and low-level alerts are customizable. 
Notifications are triggered only for high-level alerts. Data on wear time is available 
and include days worn, total wear time, and average daily wear time. Newly diag-
nosed atrial fibrillation detected through manually recorded events has been reported 
[14]. Atrial fibrillation detection may have additional utility to optimize care in 
those with concurrently diagnosed new rapid atrial fibrillation and new reduced 
ejection fraction [15].

Issues with compliance with the WCD have been noted due to patient discom-
fort. In a national registry of over 3500 patients, 14.2% of patients with recorded 
data stopped using the WCD. The primary reasons cited were the size and weight of 
the monitor [4].

 Evidence and Controversies from Clinical Trials

In this section, we will summarize the published literature regarding the WCD, 
provide perspective on these data, and discuss how these data have been inter-
preted. Most published data are derived from single-center or multicenter studies 
using the WCD database maintained by ZOLL®. Again, somewhat uniquely 
among medical devices, it was approved by regulatory agencies without random-
ized controlled trials, and the only randomized WCD trial has yet to be published 
but was presented in 2018 at the American College of Cardiology Annual Scientific 
Sessions. Few studies used data independent of the ZOLL® database and did not 
include at least one ZOLL® employee. Nevertheless, the WCD is given a class IIb 
indication in the most recent American Heart Association/American College of 
Cardiology guidelines and is therefore considered “reasonable” in patients who 
meet criteria for an implantable cardioverter-defibrillator (ICD) except for time 
restrictions [16].

The rationale for the WCD and thus research detailing its use is based on con-
cerns about short-term risk of sudden cardiac death (SCD) among patients with 
features known to be associated with increased SCD risk in long-term studies. The 
lack of data, or in some populations, the publication of negative trials, has pro-
vided a niche for which the WCD allows protection against SCD without commit-
ment to a permanent implanted device. The so-called mandatory wait period 
dictated by payors in patients with newly diagnosed nonischemic cardiomyopathy 
(i.e., within 3 months), recent (i.e., within 40 days) myocardial infarction (MI), 
and recent coronary revascularization (i.e., within 90 days) with left ventricular 
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dysfunction is the most common reason for using the WCD. Some have argued for 
using the WCD during the oftentimes lengthy process of risk stratifying patients at 
potential risk of SCD [17]. Mortality after acute MI is known to be high in the 
early convalescent phase; in VALIANT (Valsartan in Acute Myocardial Infarction) 
trial, SCD was 7% within 6 months, and among those with left ventricular ejection 
fraction (LVEF) <30%, mortality was 2.3% in the 1st month [18]. Despite this risk, 
both IRIS [19] and DINAMIT [20] failed to demonstrate a survival benefit among 
patients with LV dysfunction in the early post-MI period.

 ZOLL® Sponsored Trials

The WCD was approved based on the WEARIT/BIROAD trials [8], which were 
initially separate studies but were combined at the behest of the Food and Drug 
Administration. WEARIT enrolled 177 patients with New York Heart Association 
class III–IV heart failure and LVEF<30%, whereas BIROAD included 112 patients 
who had LVEF<30% at least 3 days after acute MI or coronary artery bypass graft 
(CABG) surgery, ventricular tachyarrhythmia within 48 h of acute MI or CABG, 
or resuscitated SCD/syncope within 48 h of acute MI or CABG. The study was 
largely a feasibility and efficacy trial; it was terminated after meeting prespecified 
safety and efficacy criteria. There were eight defibrillation attempts, of which six 
were successful, and there were additional six inappropriate shocks. Although the 
authors state that “most patients tolerated the device,” 68 of the 289 patients (24%) 
stopped wearing the WCD because of discomfort or adverse reactions. WEARIT/
BIROAD used the first iteration of the WCD, which had a larger battery pack and 
less ergonomic garment and electrode belt than the current newest generation 
version.

Chung et al. published a large US registry including 3569 patients who wore the 
WCD a mean of 53 ± 70 days [4]. Indications for the WCD included ICD explant 
(23.4%), ventricular tachycardia (VT)/ventricular fibrillation (VF) before an ICD 
could be implanted (16.1%), genetic predisposition to SCD risk (0.4%), recent MI 
(12.5%), post-CABG (8.9%), nonischemic cardiomyopathy (NICM, 20%), and 
“unspecified cardiomyopathy” (8.1%). Eighty appropriate shocks were delivered to 
59 (1.7%) patients, of whom 8 patients died despite termination of ventricular 
arrhythmia. Almost one-quarter of SCD were not tachyarrhythmic, consisting pri-
marily of asystole. Only 4/546 (0.7%) of new NICM patients received a shock, of 
whom 1 patient died of VT/VF regardless of wearing the WCD. Limitations of this 
study included a lack of separation between primary and secondary prevention 
patients in reporting the number of patients receiving appropriate shock(s), WCD 
indications derived solely from the ZOLL® database, and missing clinical data. 
Although 16% of patients had prior sustained ventricular arrhythmias, the outcomes 
were reported for all patients together. There was no known indication for the WCD 
in 23% of patients. Also, the number of non-VT/VF SCDs was substantial,  
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comprising 25% of total SCDs. One-fifth (n  =  12) of 59 patients who received 
appropriate therapies died during that episode or before hospital discharge. Only 
those with an ICD explant had a relatively high risk of appropriate shocks (33 of the 
59 patients who received shocks).

The ZOLL® registry was again queried in patients with recent MI (within 
9 ± 9 days) and LVEF ≤35%, including 8453 patients who wore the WCD for a 
median 57 days [21]. There were 309 appropriate shocks in 133 patients. Of the 309 
shocks, 252 terminated VT/VF, and of the 133 patient events, 121 survived the epi-
sode although 3 more patients died within 2 days. There were also 114 inappropriate 
shocks in 99 patients. Again, all data was from the ZOLL® database, so no medical 
therapy data or additional reasons why the WCD was chosen beyond LVEF were 
known.

The WEARIT-II Registry enrolled 2000 patients in the ZOLL® registry who 
were deemed high risk of SCD. It included 805 patients with ICM (40%), 927 
patients with NICM (46%), and 268 patients with congenital heart disease who 
wore the WCD between August 2011 and February 2014 [22]. The rates of 
appropriate WCD therapies were 3% in ICM and congenital patients and 1% in 
NICM patients. Overall, there were 5 events per 100 patient-years, which was 
deemed a “high rate,” while the inappropriate shock rate of 2 events per 
100-patient years was felt to be “very low” by the authors. All appropriate shocks 
were successful. Nine percent of patients had a history of resuscitated SCD, and 
another 17% had prior syncope. Among ICM patients, 11% had resuscitated 
SCD and 23% had syncope. Additionally, 13% were on amiodarone, although no 
indications were provided. This was the first published registry to provide medi-
cal therapy data.

 Independent Trials

The largest WCD experience using independent data not obtained from ZOLL® 
and from primary electronic medical records sources was published from the 
University of Pittsburgh Medical Center [23]. Over 10 years, all 639 patients with 
new cardiomyopathy (LVEF ≤35%) prescribed the WCD were studied, including 
254 nonischemic cardiomyopathy patients and 271 ischemic cardiomyopathy 
patients. Median wear time was 61 days (IQR 25–102) and 22 h/day. During 56.7 
patient-years of wear time, 0 nonischemic patient received an appropriate shock and 
3 (1.2%) received an inappropriate shock. During 46.7 patient-years of wear time, 6 
(2.2%) ischemic patients received an appropriate shock and 2 (0.7%) received an 
inappropriate shock. Despite appropriate WCD therapy, one patient did not survive 
the arrhythmic episode and one patient did not survive to be discharged from hospi-
tal. The authors concluded that WCD in patients with new ICM was reasonable but 
that its use in new NICM should not be routine, given the very low observed risk of 
VT/VF in this population.
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 Randomized Trials

To date, the only randomized WCD trial is the VEST, presented at the 2018 
American College of Cardiology Annual Scientific Sessions [24]. This trial ran-
domized 2302 patients within 7 days of acute MI with LVEF ≤35%, as assessed at 
least 8  h after presentation or percutaneous intervention or at least 48  h after 
CABG. One-quarter of patients had prior MI, and most were revascularized; 84% 
underwent percutaneous intervention, 8% received thrombolytics, and 1% had 
CABG. The mean LVEF was 28%, and 10% had VT/VF, presumably within the 
48-h “grace period” after acute infarction. The WCD was prescribed for 90 days, 
during which the average wear time was 14.1 h/day and 1.4% received an appropri-
ate shock. Inappropriate shocks occurred in 0.6% of patients. Sudden cardiac death, 
the primary endpoint, did not differ significantly (p = 0.18) between the WCD arm 
(1.6%) and the control arm (2.4%). There was also a statistically insignificant dif-
ference (p = 0.14) in non-sudden mortality between WCD patients (1.4%) vs. con-
trol patients (2.2%). Overall mortality was lower in the WCD group (3.1% vs. 4.9%, 
p = 0.04), translating into a number needed-to-treat of 56. The mechanism by which 
the WCD reduced overall mortality but not SCD remains unclear but possibly 
related to the fact that WCD wearers experience alarms and other concerns that may 
have increased the intensity of medical follow-up, allowing subclinical concerns to 
be addressed sooner.

Interpretation of the VEST trial has been controversial [25]. The study’s primary 
endpoint, sudden cardiac death, was statistically negative. The secondary endpoint 
of total mortality was reduced in the WCD group, largely because of four fatal 
strokes in the non-WCD arm. These findings are opposite of those from DINAMIT 
[20] and IRIS [19], in that ICDs reduced arrhythmic and SCD in these studies but 
did not reduce overall mortality. The reason for these discrepant findings may be 
from the increased surveillance afforded by WCDs, which require more mainte-
nance and instruction than ICDs, which are largely automated. Regardless, some 
have suggested that the VEST findings make prescribing the WCD reasonable in 
patients with recent MI and LV dysfunction.

 Lack of Separation Between Primary and Secondary Prevention

Few published data describing WCD outcomes have separated patients according to 
primary versus secondary SCD prevention indications. It is well-established that 
secondary prevention patients, i.e., those with prior sustained ventricular tachyar-
rhythmias, have a higher future risk of SCD than primary prevention patients, i.e., 
those who have thus far never demonstrated sustained ventricular arrhythmias [26]. 
Because of this differential risk, event rates in the WCD literature may be higher 
than expected if secondary prevention patients are included in studies. Examples 
include the Chung study and WEARIT-II, in which prior sustained VT/VF was 
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documented in 16% and 9% of patients, respectively. Only the University of 
Pittsburgh study specifically included patients with no prior sustained ventricular 
arrhythmias [23]. Because the LifeVest has been marketed to physicians for patients 
with primary prevention indications, we feel strongly that additional clinical trials 
are needed in this population, particularly in patients with NICM who have yet to be 
studied and who may be at a lower risk of SCD.

 Current Published Guidelines and CMS Coverage

Current American College of Cardiology/American Heart Association/Heart 
Rhythm Society guidelines suggest a class IIb indication for the WCD [16]. This 
designation is the source of some controversy; as some experts have noted, this 
places WCD use on the same level as lenient rate control for asymptomatic atrial 
fibrillation [27] or using sotalol for supraventricular tachycardia in patients who do 
not want ablation or who are not candidates for ablation. The WCD is covered by 
Medicare and most commercial insurers in the United States in patients who meet 
accepted criteria for ICD implant but fall within the mandated “waiting period” for 
either NICM (i.e., 90  days from diagnosis), recent non-revascularized MI (i.e., 
40 days from MI), or recent revascularization (i.e., 90 days from procedure).

 Conclusion and Future Directions

The WCD is a highly effective therapy for terminating potentially lethal ventricular 
arrhythmias, but its impact on reducing SCD risk remains controversial. The chal-
lenges that arise when considering prescribing the WCD revolve around the low 
absolute risk of SCD in targeted primary prevention populations, the cost of this 
therapy, and the inconvenience of its use, leading to poor compliance. Potential 
studies of interest include randomized controlled trials in newly diagnosed nonisch-
emic cardiomyopathies and in those who are not considered candidates for ICD 
implantation due to “reversible causes” of SCD [28]. From a healthcare utilization 
standpoint, cost-effective analyses will be important to determine the estimated cost 
per life saved in specific populations.
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 Cardiac Resynchronization Therapy

Heart failure is a global epidemic associated with high morbidity and mortality. 
According to recent estimates, the prevalence of HF is over 5.8 million in the USA and 
more than 23 million worldwide with an expected increase over time [1]. The 5-year 
mortality of HF is about 50%, competing with those of many cancers. Healthcare uti-
lization associated with the care of HF is significant and costly; inpatient and outpa-
tient visits for HF account for more than 39 billion in the USA alone [1].

Implantation of a CRT system in HF patients provided a remarkable therapeutic 
alternative to reduce HF symptoms and improve outcomes in advanced HF patients 
[2–5]. CRT is a three-lead system that delivers electrical stimuli to the right atrium, 
right ventricle, and left ventricle to synchronize the dyssynchronous left ventricu-
lar (LV) activation in patients with conduction abnormalities and severely reduced 
LV function. It should not be forgotten that CRT has been developed initially to ail 
the failing heart commonly impaired by three primary components of dyssyn-
chrony: (1) atrioventricular dyssynchrony, (2) interventricular dyssynchrony, and 
(3) intraventricular dyssynchrony. Implantation of CRT results in an immediate 
decrease of intra- and interventricular dyssynchrony, a decrease in mitral regurgi-
tation, and an increase in LV contractility [6]. During follow-up, patients exhibit a 
significant reduction in LV end-diastolic volume (LVEDV) and LV end-systolic 
volume (LVESV), and improvement in LV ejection fraction (LVEF), a process 
described as LV reverse remodeling [7, 8]. LV reverse remodeling is the hallmark 
of CRT effectiveness, and it has been shown to be directly linked to improved 
clinical outcomes [9].

CRT alone or the combination of a CRT with an implantable cardioverter defi-
brillator (CRT-D) has been proven to reduce HF symptoms, improve functional 
capacity, and improve quality of life in HF patients with advanced HF symptoms 
(NYHA class III–IV), reduced LVEF≤35%, and a prolonged QRS duration 
(QRS≥120 ms) [4, 5, 10]. CRT has also been shown to significantly reduce the 
frequency of HF hospitalizations and improve survival [4, 5]. A meta-analysis of 
CRT trials in advanced HF showed an overall 29% risk reduction in all-cause mor-
tality and a 38% risk reduction in mortality due to progressive HF [11].

The Multicenter Automatic Defibrillator Implantation Trial–Cardiac 
Resynchronization Therapy (MADIT-CRT), the Resynchronization-Defibrillation 
in Ambulatory Heart Failure Trial (RAFT), and Resynchronization Reverses 
Remodeling in Systolic Left Ventricular Dysfunction (REVERSE) trials have fur-
ther broadened CRT indication to patients with mild HF, presenting with NYHA 
class I and II HF symptoms [12, 13]. Figure  4.1 shows the primary results of 
MADIT-CRT, demonstrating a 34% risk reduction in HF events or mortality. The 
subsequently published long-term follow-up of MADIT-CRT and REVERSE stud-
ies confirmed sustained benefit of CRT in mild HF patients with reduction in HF 
events and improved survival [14, 15].

Large, randomized controlled clinical trials on the effects of CRT or CRT-D to 
improve HF symptoms, functional capacity, and outcomes are listed below in 

V. Kutyifa and M. Stockburger



41

Table 4.1, including the respective frequencies of non-LBBB patients, when infor-
mation was available. As it is evident from this table, the frequency of non-LBBB 
was often not reported or analyzed in the early CRT studies; these studies focused 
on the effects of CRT in wide QRS patients primarily presenting with LBBB. The 
first large randomized trials evaluating the effect of CRT on all-cause mortality, 
Cardiac Resynchronization-Heart Failure (CARE-HF) and Comparison of Medical 
Therapy, Pacing, and Defibrillation in Heart Failure (COMPANION), enrolled 6% 
and 29% of their patients with non-LBBB, respectively. The REVERSE study, on 
the other hand, enrolled 38% of patients with non-LBBB, a very high percentage, 
while MADIT-CRT enrolled 30% [16]. These trials also reported specific outcomes 
of patients with non-LBBB, allowing us to better understand differences in CRT 
benefit by baseline ECG morphology.

 Pathophysiology of Non-LBBB

Electrical activation of the ventricles in patients with RBBB (non-LBBB) has been 
described by Fantoni et al. [17]. Patients with RBBB typically showed a single RV 
breakthrough site in the septum, as compared to LBBB with multiple breakthroughs. 
Following activation through the septal breakthrough site, activation then slowly 
spread toward the anterior region with the latest activated regions being the right 
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Table 4.1 Randomized controlled trials of cardiac resynchronization therapy by LBBB

Clinical trial Patients (n)
Primary end 
points Secondary end points

LVEF 
(%)

QRS 
(ms)

Non- 
LBBB 
(%)

MUSTIC-SR 58 6MWT NYHA, QOL, peak VO2, 
MR, LV, hospitalizations, 
mortality

23 ± 7 174 13%

MUSTIC-AF 64 6MWT NYHA, QOL, peak VO2, 
hospitalizations, 
mortality

26 ± 0 206 n.a.

PATH-CHF 2 41 6MWT, peak 
VO2

NHYA class, QOL, 
hospitalizations

21 ± 7 175 n.a.

PATH-CHF-II 
(Europe)

86 6MWT, peak 
VO2

NHYA class, QOL, 
hospitalizations

21 ± 7 175 n.a.

MIRACLE 453 6MWT, NHYA, 
QOL

Peak VO2, LVEF, 
LVEDD, MR, clinical 
response

22 ± 6 166 n.a.

MIRACLE 
ICD

555 6MWT, 
NYHA, QOL

Peak VO2, LVEF, LV 
volumes, MR, clinical 
response

24 ± 6 164 13%

COMPANION 1520 All-cause 
mortality or 
hospitalization

All-cause mortality and 
cardiac mortality

21 159 29%

CARE-HF 814 All-cause 
mortality

NYHA, QOL, LVEF, 
LVESV, hospitalization 
for heart failure

25 160 6%

REVERSE 610 HF clinical 
composite 
score

LVESVI 27 ± 7 153 38%

MADIT-CRT 1820 HF or death LVESV, LVEDV change, 
multiple HF events

24 ± 5 162 30%

RAFT 1798 All-cause 
mortality or HF 
hospitalization

All-cause mortality, 
cardiac mortality, HF 
hospitalization

23 ± 5 158 20%

6MWT 6-min walk test, CARE-HF Cardiac Resynchronization-Heart Failure, COMPANION 
Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure, HF heart failure, LV 
left ventricular, LVEDD left ventricular end-diastolic dimension, LVEF left ventricular ejection 
fraction, LVESV left ventricular end-systolic volume, MADIT-CRT Multicenter Automatic 
Defibrillator Implantation Trial–Cardiac Resynchronization Therapy, MIRACLE Multicenter 
InSync Randomized Clinical Evaluation, MIRACLE ICD Multicenter InSync Randomized Clinical 
Evaluation Implantable Cardioverter Defibrillator trial, MR mitral regurgitation, MUSTIC Multisite 
Simulation in Cardiomyopathies, NYHA New  York Heart Association, PATH-CHF Pacing 
Therapies in Congestive Heart Failure trial, QOL quality-of-life score, RAFT Resynchronization-
Defibrillation for Ambulatory Heart Failure Trial, REVERSE Resynchronization Reverses 
Remodeling in Systolic Left Ventricular Dysfunction, VO2 volume of oxygen
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lateral wall and the outflow tract. Transseptal activation time, activation time of the 
RV, and total activation time were significantly longer in RBBB group compared to 
LBBB. In both patients with RBBB and LBBB, LV activation spread slowly, from 
the septal or anterior breakthrough site toward apical and lateral regions, with the 
posterolateral basal region being the latest activated LV area in both groups, sug-
gesting the rationale for CRT in both patients with LBBB and RBBB (non-LBBB); 
however RBBB patients presented with more severe manifestation of conduction 
disturbances (Fig. 4.2).

 Electrocardiographic Parameters to Identify Response  
to CRT in Non-LBBB Patients

 QRS Morphology and QRS Duration

QRS duration reflects ventricular activation time. Hence QRS prolongation has 
great utility in informing the clinician about electrical activation delay and about 
regionally delayed ventricular excitation. A LBBB ECG pattern in HF patients has 
been related to electromechanical ventricular dyssynchrony and subsequently pro-
motes favorable CRT effects on the failing myocardium [18], although various defi-
nitions of LBBB were associated with differences in CRT outcomes [19]. In the 
absence of LBBB, wide QRS may be caused by right bundle branch block (RBBB), 
left anterior fascicular block (LAFB), or atypical patterns of ventricular conduction 

Fig. 4.2 Electrical activation of the left and right ventricle in patients with right bundle branch 
block and left bundle branch block
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delay that are frequently caused by localized myocardial scar. But in the absence of 
LBBB, the sole presence of ventricular conduction delay does not imply that the 
compromised ventricular electromechanical performance can be improved by atrio-
biventricular pacing.

While the beneficial effects of CRT have been widely accepted and CRT therapy 
had been incorporated in all major electrophysiology guidelines worldwide [20, 
21], there have been several secondary analyses reporting a suboptimal response to 
CRT based on the underlying ECG pattern at baseline, before CRT implantation. 
Specifically, patients with a left bundle branch block (LBBB) ECG pattern before 
device implantation have been suggested to derive a significant benefit from CRT-D, 
while those with non-LBBB ECG pattern were shown to have either no benefit or 
even a potential exposure to harm [22]. In MADIT-CRT, patients with LBBB had a 
significant, 53% reduction in the risk of HF or death with CRT-D versus an ICD- 
only (Fig. 4.3), while non-LBBB patients had a nonsignificant, 24% higher rate of 
HF/death with CRT-D versus an ICD-only (Fig. 4.4).

These findings have been subsequently confirmed in the REVERSE trial which 
found an independent relationship between QRS duration and outcomes [23]. Data 
from RAFT also showed a link between QRS morphology, QRS duration, and out-
comes in LBBB, and similarly to our study, they did not reveal any benefit in non- 
LBBB patients [24]. In alignment with these findings, the National Cardiovascular 
Database Registry (NCDR) ICD Registry sub-study assessing CRT outcomes by 
QRS morphology and QRS duration confirmed that LBBB patients had better out-
comes with CRT-D as compared to non-LBBB [25]. On the other hand, Cleland 
et  al. [26] performed an individual patient-level meta-analysis combining five 
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 randomized trials and concluded that QRS duration, but not QRS morphology, was 
a predictor of CRT outcomes.

In summary, QRS morphology and QRS duration appear to determine the treat-
ment success of CRT, but prolonged QRS duration alone is questionable as a prereq-
uisite for CRT.  Accordingly, current guidelines [20] define a class I or class IIa 
indication for CRT in symptomatic HF patients with LBBB ≥120  ms, but non- 
LBBB patients do not receive a class I indication and have a class IIa indication only 
at a QRS duration ≥150 ms and a weaker class IIb indication at a QRS duration of 
120–149 ms. HF patients with a narrow QRS complex <120 ms are not indicated for 
CRT regardless of ventricular dyssynchrony assessment, unless they require fre-
quent ventricular pacing (>40%) to treat bradycardia [27].

QRS area assessed from the vectorcardiogram in patients with wide QRS reflects 
three-dimensional electrical force within the heart and has been shown to identify 
delayed LV lateral wall activation [28]. Therefore, QRS area has been proposed to 
prospectively identify CRT responders. Respective further studies to confirm this 
finding are under way.

 Prolonged PR-Interval

A prolonged PR interval may result in atrioventricular dromopathy with compro-
mised transmitral left ventricular filling and possible serious adverse clinical conse-
quences [29]. A prolonged PR interval in patients without HF has been shown to be 
associated with an increased risk of atrial fibrillation [30], LV dysfunction, HF 
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hospitalization, and all-cause mortality, as compared to normal PR interval [31]. 
This could be especially relevant in patients with established HF and conduction 
abnormalities, since a delay in atrioventricular conduction could further lower the 
cardiac output exacerbating HF symptoms [32]. Accordingly, the correction of AV 
coupling by CRT in HF patients with long PR interval can be hypothesized to 
improve the performance of the failing heart.

In line with this hypothesis, we have previously shown in a secondary analysis of 
MADIT-CRT that HF patients with non-LBBB ECG pattern and a prolonged 
PR-interval (PR ≥230 ms) derived clinical benefit from CRT-D with a 32% absolute 
risk reduction in HF or death at 4 years as compared to ICD (Fig. 4.4) [32]. This 
corresponds to a 73% relative risk reduction in HF or death and a remarkable, 81% 
risk reduction in all-cause mortality in this subgroup. Non-LBBB patients with a 
normal PR interval <230 ms derived no clinical benefit. On the contrary, patients 
with non-LBBB and a normal PR interval had a nonsignificantly higher risk of HF 
or death and more than twofold increase in the risk of death with CRT-D when com-
pared to an ICD-only (interaction p-value<0.001) [32] (Fig. 4.5).

Such a strong bidirectional interaction with CRT-D treatment suggests that in the 
absence of LBBB, correction of LV dyssynchrony might not be the principal mech-
anism of action by CRT. It is more likely that the restoration of the physiological 
atrioventricular (AV) conduction by shortening the PR interval (AV delay) plays a 
role in the benefit from CRT-D in this cohort.

These findings were subsequently confirmed in the MADIT-CRT long-term fol-
low- up sub-study, demonstrating sustained benefit in this cohort for up to 7 years 
[33]. In this follow-up study, we have also established that the benefit of CRT-D in 
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non-LBBB patients was uniformly seen for both patients with QRS <150 ms and 
QRS ≥150 ms. Previous studies suggested similar association with a prolonged PR 
interval in more advanced HF patients [34], although more recent analyses from the 
NCDR ICD Registry challenged these findings in a retrospective cohort study using 
a matched control group instead of randomization or a prospective design [35]. 
Therefore, these findings remain an area of controversy at this point.

The pathophysiology of a prolonged PR interval in the presence of conduction 
abnormalities is depicted above in Fig.  4.6. In patients with an abnormally pro-
longed PR interval, atrial systole (A) occurs early in diastole, and therefore, it is 
superimposed on the early left ventricular filling phase (E). This results in the fusion 
of the diastolic E and A waves, a significantly shorter effective diastolic LV filling 
time, and a lower cardiac output. Occurrence of an early atrial systole uncouples the 
mitral valve closure from LV systole resulting in diastolic presystolic mitral regur-
gitation, and a decreased preload and forward stroke volume, further worsening LV 
function. Following CRT implantation, the shortening of the PR interval to normal 
ranges restores the physiologic AV sequence (right panel), completely abolishes E 
and A fusion, and reduces or eliminates diastolic presystolic mitral regurgitation.

The underlying concept for the benefit of physiologic, AV sequential pacing in 
HF patients with a prolonged PR interval is well known. Previously reported case 
series on right ventricular (RV) DDD pacing with shorter AV delay in HF patients 
and low ejection fraction in the 1990s reported an improvement in HF symptoms 
[36]. However, in a subsequent sub-study from the DAVID trial, outcome with DDD 
versus VVI pacing was similarly unfavorable in HF patients with low LVEF and a 
prolonged PR interval (>200 ms), suggesting that dyssynchronous RV pacing in HF 
patients potentially outweighs the benefit of the restoration of AV synchrony [37]. 
We are therefore proposing that in MADIT-CRT, the presence of LV pacing (CRT) 
by eliminating iatrogenic dyssynchronous RV pacing while shortening the AV delay 
could be responsible for the above seen beneficial effects. It has also been shown 

LV filling time LV filling time

Pre-systolic
mitral regurgitation

Fig. 4.6 Pathophysiology in non-LBBB with prolonged PR interval (left panel) and normalization 
with CRT-D and shorter AV-delay (right panel) (Kutyifa and Stockburger 2013)
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that patients with first degree AV block without a pacing indication are three times 
more likely to develop a need for pacing during follow-up [32]. This further signi-
fies the need for a more physiological pacing modality in this cohort, such as LV 
pacing. Newer techniques, such as His bundle pacing, could also be considered in 
this cohort, and initial studies have shown acute hemodynamic benefit in this popu-
lation [38]. A larger, randomized study in patients with non-LBBB and a prolonged 
PR-interval applying His bundle pacing vs. no pacing is currently underway 
(HOPE-HF, https://clinicaltrials.gov/ct2/show/NCT02671903).

 Further Electrocardiographic Parameters

A prolonged P wave duration with delayed left atrial activation may attenuate the 
adverse effect of a long PR on left ventricular filling. From a practical standpoint, 
the appraisal of the pulsed wave transmitral Doppler flow pattern may be of addi-
tional value to establish (in case of short filling and E/A fusion, Fig. 4.7a) or to 
disaffirm (in case of preserved E/A separation, Fig. 4.7b) a CRT pacing indication 
based on first-degree AV block in HF patients. Guidelines suggest a possible pacing 
indication in patients with a PR of at least 300 ms.

Right ventricular (RV) pacing in patients with reduced left ventricular ejection 
fraction has been demonstrated to adversely affect clinical outcome [39, 40]. 
Biventricular pacing has been demonstrated to be superior to RV pacing in AV block 
and impaired ventricular function [41, 42]. Second- or third-degree AV block with 
an expected ventricular pacing rate of at least 40% therefore constitutes an accepted 
(class IIa) indication for CRT.

a b

Fig. 4.7 Shortened transmitral left ventricular filling time with partial fusion of E and A waves in 
a patient with severe systolic heart failure, wide QRS, and long PR (panel a). Preserved separation 
of E and A waves in a patient with severe systolic heart failure, wide QRS, and normal PR interval 
(panel b)

V. Kutyifa and M. Stockburger

https://clinicaltrials.gov/ct2/show/NCT02671903


49

 Imaging Modalities to Identify Response  
to CRT in Non- LBBB Patients

It has been suggested that ventricular dyssynchrony measured during cardiac imag-
ing could provide a mechanistically plausible and non ECG-based rationale for the 
application of cardiac resynchronization. Echocardiography is the most easily 
accessible imaging method and provides different possibly helpful variables mirror-
ing dyssynchrony.

Two-dimensional echo (apical four-chamber view) in patients with LBBB fre-
quently shows a typical apical left ventricular rocking movement (predominantly 
with counterclockwise orientation), in many patients combined with an initial septal 
deviation of the apex caused by early septal contraction (“septal flash”). The simple 
visually assessed apical rocking phenomenon has been found to predict reverse LV 
remodeling and a lower clinical event rate during follow-up in patients with HF and 
predominantly LBBB [43, 44]. The presence of apical rocking and a septal flash 
movement before CRT has been confirmed to predict response to CRT by a large 
multicenter registry [45]. However, information on the usefulness of these visual 2D 
echo-derived parameters in patients without LBBB is scarce.

Pulsed-wave Doppler echocardiography also adds predictive information while 
reliably reflecting left ventricular pre-ejection period (LVPEP) and right ventricular 
pre-ejection period (RVPEP) [46]. LVPEP and RVPEP are calculated as the time 
elapsed from QRS onset to the beginning of transaortic and transpulmonary PW 
Doppler flow, respectively. The interventricular mechanical delay (IVMD) is defined 
by the difference of LVPEP and RVPEP (Fig. 4.8).

LVPEP can be seen as a measure of global LV electromechanical performance. 
Baseline LVPEP prolongation of at least 140 ms and an IVMD of 40 ms or more 
have been shown to predict CRT response in HF patients with LBBB with high 
sensitivity, but limited specificity [17]. The predictive value of these parameters to 
predict CRT effectiveness in patients with non-LBBB HF has also been demon-
strated [47]. Considering these results, Doppler echo parameters of ventricular dys-
synchrony may contribute to patient-centered decision-making in the presence of 
HF accompanied by non-LBBB wide QRS. In addition, Doppler-derived character-
ization of transmitral LV inflow and atrioventricular coupling helps to anticipate 
possible benefit from CRT to correct the sequelae of a long PR interval.

Tissue Doppler imaging (TDI) delineates the velocity and timing of the regional 
myocardial wall motion in the left ventricular wall segments. Patients with LBBB 
usually exhibit a visually considerably dyssynchronous regional LV TDI pattern 
(Fig. 4.9), but numerical measures of TDI dyssynchrony were poorly reproducible 
and failed to identify CRT response in the Predictors of Response to CRT 
(PROSPECT) trial [48]. Similarly, this is true for non-LBBB.

Hence TDI-derived parameters may illustrate LV dyssynchrony, but cannot guide 
the decision whether to implant a CRT device in a patient with HF, but without 
LBBB. TDI is not able to discriminate regional myocardial contraction from pas-
sive wall motion of a scarred segment.
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a b

Fig. 4.8 Pulsed-wave Doppler representation of pulmonary valve and transaortic valve flow with 
indication of left ventricular pre-ejection period (LVPEP), right ventricular pre-ejection period 
(RVPEP), and interventricular mechanical delay (IVMD) from a healthy individual (panel a) and 
a patient with severe systolic heart failure and QRS prolongation (panel b)

a b

Fig. 4.9 Tissue Doppler velocity tracings with representation of basal septal and basal lateral left 
ventricular wall segments from a healthy individual (panel a) and a patient with severe systolic 
heart failure and QRS prolongation (panel b). AVO aortic valve opening, AVC aortic valve closure
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This methodological disadvantage is eliminated by myocardial deformation 
imaging modalities. Such method is two-dimensional strain echocardiography 
(speckle tracking). Initially, characterization of time dispersion of peak regional LV 
myocardial shortening (Fig.  4.10) by two-dimensional strain echocardiography 
(speckle tracking) showed encouraging results [49], and a derived index appeared to 
accurately and prospectively separate responders from nonresponders to CRT in 
patients with a wide QRS and heart failure. These findings were paralleled by a 
MADIT-CRT sub-analysis that found improving dyssynchrony and increasing 
global longitudinal strain to be correlated with favorable LV reverse remodeling and 
fewer adverse clinical events [21]. The subsequent ECHO-CRT study however did 
not find benefit from CRT-D versus an ICD in patients with HF, normal QRS width, 
and ventricular dyssynchrony derived from TDI or speckle tracking. Thus we can 
conclude that myocardial deformation imaging by speckle tracking can be useful to 
identify future CRT responders among patients with HF and a wide QRS (LBBB 
and non-LBBB), but probably much less so in those with normal QRS duration.

Cardiac magnetic resonance imaging (cMRI) is a promising new imaging modal-
ity that can also provide information on delayed LV ejection and abnormal apical 
and septal LV movement in LBBB [50] and, in addition, allows evaluating cardiac 
myocardial deformation [51]. However, all of these parameters can be more easily 
be obtained by echocardiography with sufficient reliability. The cMRI has however 
the most important role to localize and quantify myocardial scar, and the amount 
and distribution of scar may predict ventricular arrhythmias. In addition, LV pacing 
in scar areas should be avoided, since this could potentially contribute to ventricular 
arrhythmia events [52]. Therefore, cMRI can inform decision-making before CRT 
implantation, and it could also potentially guide LV lead placement in both patients 
with LBBB and non-LBBB.  Image-guided CRT implantation has been shown to 
improve CRT outcomes in multiple trials and in meta-analysis [53]. However, it is 
not currently applied in standard clinical practice probably due to its time- consuming 
nature and its need to form multidisciplinary teams. However, further studies are 
warranted in this field.

a b

Fig. 4.10 Regional left ventricular deformation pattern assessed by two-dimensional strain imag-
ing (speckle tracking) from a healthy individual (panel a) and a patient with severe systolic heart 
failure and QRS prolongation (panel b). AVC aortic valve closure
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 Conclusions

In summary, cardiac resynchronization therapy in patients with non-LBBB has 
been shown to improve outcomes to a lesser degree than in patients with LBBB 
before CRT implantation. Additional ECG parameters, such as PR interval, QRS 
area, as well as imaging techniques to identify dyssynchrony, and the latest acti-
vated left ventricular segment, could be potentially relevant in this cohort to 
increase response rate. Alternative pacing techniques, such as His bundle pacing, 
are emerging to provide physiologic pacing in this high-risk population. Further 
studies are nevertheless warranted to better understand the pathomechanism of 
cardiomyopathies in patients with HF and non-LBBB, to evaluate the role of cur-
rent and new treatment modalities with or without CRT, and to further improve 
outcomes.

Dedication The authors would like to dedicate this work to Dr. Arthur J. Moss, a true giant in 
cardiology, who graciously and open-mindedly allowed the authors of this book chapter to test a 
new hypothesis in MADIT-CRT, namely, the bidirectional relationship between PR interval and 
CRT-D outcomes in patients with non-LBBB.  Without high-integrity leaders like Dr. Arthur 
J. Moss advocating for scientific curiosity freely available to anyone in the world irrespective of 
country, gender, sex, or age, our world would be less of many discoveries that truly advanced medi-
cine. The legacy of Dr. Arthur J. Moss is these very discoveries and his “many sons and daughters,” 
who will pay it forward for generations to come. We are grateful for having known him and had 
this opportunity.
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Chapter 5
Biventricular Pacing for Patients 
with Complete Heart Block

Hannah E. Wey, Gaurav A. Upadhyay, and Roderick Tung

 Introduction and Etiologies of CHB

Complete heart block (CHB), or third-degree atrioventricular block (AVB), is 
defined by a failure of supraventricular impulses to conduct through the AV node or 
His bundle. The diagnosis requires that atrial impulses occur at a higher rate than 
the ventricular rate and that no atrial stimuli lead to ventricular contractions [1]. 
According to ACC/AHA/HRS guidelines, pacemaker implantation is a class I indi-
cation in all patients with advanced second-degree or third-degree AVB who have 
symptomatic bradycardia, any degree of LV dysfunction, an escape rhythm <40 
beats per minute, asystolic pauses >3.0 seconds, or any escape rhythm generated 
from below the AV node as a means to reduce mortality secondary to sudden cardiac 
death [2, 3]. The guidelines also specify that it is reasonable (class IIa) to consider 
permanent pacemaker implantation for persistent third-degree AV block with an 
escape rate greater than 40  bpm in asymptomatic adult patients without 
cardiomegaly.

The etiologies of complete heart block are numerous and can be grouped into 
congenital and acquired AVB (with the latter being significantly more common). 
Congenital complete atrioventricular block (CCAVB) is a rare entity; it occurs in 
approximately 1 out of every 15,000–20,000 live births and is mechanistically 
thought to be due to in utero exposure to maternal antibodies (anti-Ro/SSA and 
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 anti- La/SSB antibodies) leading to inflammatory changes and fibrosis of the con-
duction system in most cases, although inherited channelopathies may also play a 
role [4]. It is primarily associated with a junctional escape rhythm and may be asso-
ciated with a benign clinical course and late diagnosis. Overall mortality, however, 
in CCAVB without intervention is estimated to be as high as 16% in the neonatal 
period [5]. Other congenital heart diseases such as hypoplastic left heart syndrome, 
right and left isomerism, univentricular heart, and L-shaped ventricle are also asso-
ciated with spontaneous high-degree AVB including complete AVB. The proposed 
mechanisms include poor coronary supply to both sinoatrial (SA) and atrioventricu-
lar (AV) nodes in altered cardiac anatomy with subsequent ischemic damage during 
the third trimester [6]. Development of a superficial, and perhaps unstable, conduc-
tion system is also observed in CHD.  CHB may occur due to structural defects 
within the myocardium such as in AV septal defects or iatrogenically after correc-
tive cardiac surgery.

Acquired complete heart block can occur at any age and can be due to a multi-
tude of causes including iatrogenic, infectious, ischemic, and malignant (see 
Table 5.1). CHB is a well-accepted indication for permanent pacemaker placement, 
in both pediatric and adult patients, as well as for the asymptomatic patient who 
exhibits other signs of high-risk for malignant arrhythmia and sudden cardiac death. 
This review will discuss the current evidence supporting the use of cardiac resyn-
chronization therapy (CRT) versus conventional right ventricular pacing (RVP) in 
the setting of CHB.

Table 5.1 Causes of complete heart block

Infectious Lyme myocarditis
Chagas myocarditis
Diphtheric myocarditis
Rheumatic fever

Inflammatory Sjogren’s syndrome
Cardiac sarcoidosis

Ischemic Myocardial infarction
Aortic dissection

Structural Post-cardiac surgery
Post-transcatheter aortic valve insertion/replacement

Malignant Primary cardiac lymphoma or metastasis
Head and neck cancers with loss of baroreceptor and/or neurocardiogenic 
response

Medications Beta blockers
Non-dihydropyridine calcium-channel blockers (e.g., verapamil, diltiazem)
Digoxin
Clonidine
Findolamid (used to treat multiple sclerosis)
Adverse effect of checkpoint inhibitors

Metabolic Hyperkalemia
Hypermagnesemia
Hypothyroidism
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 Indications for CRT

The 2013 update of ACCF/AHA/HRS practice guidelines for device-based therapy 
established clear indications for CRT therapy in patients with reduced LVEF, pri-
marily 35%, and symptomatic heart failure (see Table 5.2) [3]. These guidelines 
were founded on the results of large multicenter randomized controlled trials show-
ing echocardiographic, functional, and mortality benefit when comparing CRT-D to 
ICD and intrinsic conduction on guideline-directed medical therapy [7–12]; how-
ever, these trials did not specifically enroll patients with CHB.

Table 5.2 Indications for cardiac resynchronization therapy (CRT)

Class I CRT is indicated for patients who have LVEF less than or equal to 35%, sinus 
rhythm, LBBB with a QRS duration greater than or equal to 150 ms, and NYHA 
class II, III, or ambulatory IV; symptoms on GDMT (Level of Evidence: A for 
NYHA class III/IV; Level of Evidence: B for NYHA class II)

Class IIa CRT can be useful for patients who have LVEF less than or equal to 35%, sinus 
rhythm, LBBB with a QRS duration 120–149 ms, and NYHA class II, III, or 
ambulatory IV symptoms on GDMT (Level of Evidence: B)
CRT can be useful for patients who have LVEF less than or equal to 35%, sinus 
rhythm, a non-LBBB pattern with a QRS duration greater than or equal to 
150 ms, and NYHA class III/ambulatory class IV symptoms on GDMT (Level of 
Evidence: A)
CRT can be useful in patients with atrial fibrillation and LVEF less than or equal to 
35% on GDMT if (a) the patient requires ventricular pacing or otherwise meets 
CRT criteria and (b) AV nodal ablation or pharmacologic rate control will allow 
near 100% ventricular pacing with CRT (Level of Evidence: B)
CRT can be useful for patients on GDMT who have LVEF less than or equal to 
35% and are undergoing new or replacement device placement with anticipated 
requirement for significant (>40%) ventricular pacing (Level of Evidence: C)
In patients with atrioventricular block who have an indication for permanent pacing 
with an LVEF between 36% and 50% and are expected to require ventricular 
pacing more than 40% of the time, it is reasonable to choose pacing methods that 
maintain physiologic ventricular activation (e.g., cardiac resynchronization therapy 
[CRT] or His bundle pacing) over right ventricular pacing (Level of Evidence: B-R) 
(new)

Class IIb CRT may be considered for patients who have LVEF less than or equal to 30%, 
ischemic etiology of heart failure, sinus rhythm, LBBB with a QRS duration of 
greater than or equal to 150 ms, and NYHA class I symptoms on GDMT (Level of 
Evidence: C)
CRT may be considered for patients who have LVEF less than or equal to 35%, 
sinus rhythm, a non-LBBB pattern with QRS duration 120–149 ms, and NYHA 
class III/ambulatory class IV on GDMT (Level of Evidence: B)
CRT may be considered for patients who have LVEF less than or equal to 35%, 
sinus rhythm, a non-LBBB pattern with a QRS duration greater than or equal to 
150 ms, and NYHA class II symptoms on GDMT (Level of Evidence: B)

Class III CRT is not recommended for patients with NYHA class I or II symptoms and 
non-LBBB pattern with QRS duration less than 150 ms (Level of Evidence: B)
CRT is not indicated for patients whose comorbidities and/or frailty limit survival 
with good functional capacity to less than 1 year (Level of Evidence: C)
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Outside the realm of sinus rhythm, the 2013 practice guidelines make a class IIa 
recommendation for CRT in patients with atrial fibrillation and LVEF ≤35% on 
guideline-directed medical therapy who otherwise meet criteria for CRT implantation 
as well as for those with atrial fibrillation who have received AV nodal ablation or 
pharmacologic rate control requiring near 100% ventricular pacing [3]. The recently 
released 2018 ACC/AHA/HRS guidelines on the evaluation and management of 
patients with bradycardia and cardiac conduction delay also provide a class IIa rec-
ommendation for consideration for CRT or His bundle pacing in patients with LVEF 
between 36% and 50% who are anticipated to receive >40% ventricular pacing [2].

 CRT in Heart Failure with Reduced Ejection Fraction  
(LVEF ≤35%)

While multiple studies have been performed in CRT in patients with heart failure, there 
have only been two randomized controlled trials (RCTs) conducted to date comparing 
RVP with CRT in the setting of reduced LVEF. The 2006 Homburg Biventricular Pacing 
Evaluation (HOBIPACE) trial was the first trial to address RVP versus CRT in patients 
with a standard antibradycardia indication [13]. The study was a single-center, single-
blind, prospective RCT of 30 patients with LVEF <40% and LV end-diastolic diameter 
≥60 mm with NYHA class III–IV symptoms on optimal medical management. The 
enrolled population had an average LVEF of 26% and an average QRS duration of 
174 ms. All patients received atrio- biventricular devices and were randomized to either 
RVP or CRT and received 3 months of therapy prior to crossing over to the other pacing 
mode. Primary endpoints measured were LVEF, left ventricular end-systolic volume 
(LVESV), and peak oxygen consumption. Secondary endpoints measured were NYHA 
functional class, quality of life as assessed by questionnaire, and serum concentration of 
N-terminal pro-B-type natriuretic peptide (NT-proBNP).

When compared with RVP, patients receiving CRT showed significantly reduced 
LVESV (17% decline), significantly increased LVEF (22% rise), and significantly 
increased peak oxygen consumption (12% increase) during biventricular stimula-
tion. Secondary endpoints of left ventricular end diastolic volume (LVEDV) and 
NT-proBNP were also significantly reduced in the CRT compared with RVP. They 
also found other measures of favorable LV remodeling, including significant 
decrease in LV mass and subsequent increase in hypertrophy index in CRT as com-
pared to RVP. No difference in mortality was found, although the study was under-
powered for this endpoint.

Patients with atrial fibrillation and AVB were included in HOBIPACE. Over one- 
third (11 or 37%) of patients demonstrated AF at enrollment, with 9 patients who 
continued to be in permanent atrial fibrillation throughout the course of the study. 
Subgroup analysis of AF patients did not show any difference in echocardiographic 
or clinical outcomes compared to those in sinus rhythm. Taken together, the results 
of HOBIPACE provided compelling support of CRT over traditional RVP in those 
with reduced LVEF and prolonged QRS duration; however, this study did not evalu-
ate patients with high-degree AVB [13].
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The only other RCT evaluating CRT versus RVP in patients with reduced LVEF 
is the 2010 Conventional Versus Biventricular Pacing in Heart Failure and 
Bradyarrhythmia (COMBAT) trial [14]. This study was a multicenter, prospective, 
double-blind crossover study of 60 patients. Patients enrolled had an average LVEF 
of 29–30%, QRS duration of 148–154 ms, and NYHA class II–IV symptoms. Fifty 
percent of all patients had CHB in this study. Patients underwent a minimum of 
3-month intervals of RVP/CRT/RVP pacing or CRT/RVP/CRT pacing modalities 
and were ultimately followed for 17.5 months. Primary endpoints evaluated were 
quality of life as assessed by the Minnesota Living with Heart Failure Questionnaire 
and NYHA functional class. Secondary endpoints were 6-min walk test, peak oxy-
gen consumption during cardiopulmonary exercise, echocardiographic parameters, 
and mortality.

Patients receiving biventricular stimulation in COMBAT showed significant 
improvement in all primary endpoints at the end of each crossover period, as well as 
LVEF and LVESV. There was no significant difference between modalities in 6-min 
walk test or peak oxygen consumption. Of the 25% of patients who died during the 
study period, they were significantly more likely to be in a RVP period than during 
CRT period. COMBAT did not include patients in atrial fibrillation (in contrast to 
HOBIPACE), had stricter LV lead placement requirements, and was double-blind 
compared to single-blind design. Although also small in comparison the landmark 
trials that led to the approval of CRT for primary prevention indications, COMBAT 
showed supportive data, particularly with respect to echocardiographic and clinical 
parameters—that a biventricular pacing mode was superior to RVP in patients with 
high-degree AVB and reduced LVEF (see Table 5.3).

More recently, a nonrandomized study examining the role of CRT in patients with 
heart block and low LVEF was conducted by Shimano and colleagues in 2007 [15]. 
They sought to evaluate the treatment of patients with RV pacing-induced cardiomy-
opathy and evaluated 18 patients with acquired CHB who had received RVP and 
subsequently developed pacemaker-induced cardiomyopathy and heart failure. The 
average LVEF at the time of upgrade was 28%, whereas the original LVEF at the 
time of device placement was 54%. Patients had received a mean of 81 months of 
RVP prior to upgrade. This study followed patients for 12  months after device 
upgrade from RVP to CRT-D or LV-ICD devices. The results of this study showed 
significantly improved LVEF (28% to 34%), NYHA functional class (mean 3.0–1.9), 
as well as reduced LV end-diastolic diameter, left atrial diameter, mitral regurgitation 
severity, and serum BNP level. Heart failure hospitalization rate per year was also 
significantly reduced after upgrade to CRT from 2.1 per year to 0.3 per year [15].

 CRT in Patients with Preserved Ejection Fraction  
(LVEF ≥50%)

To date, there have been three RCTs that have evaluated the role of CRT compared 
with RVP in patients with preserved LVEF. The first was the Pacing to Avoid Cardiac 
Enlargement (PACE) trial in 2009 [16]. A multicenter, prospective, double-blind 
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trial, PACE enrolled 177 patients with symptomatic bradycardia and preserved 
LVEF ≥45% (average LVEF 62%) and randomized patients to conventional RV 
apical pacing or CRT. The original study followed patients for 12 months [16], and 
a 24-month follow-up was subsequently published in 2011 [17]. The average QRS 
duration was 107 ms, and approximately 50–60% of patients had advanced AVB as 
indication for pacemaker placement. Primary endpoints evaluated were LVEF and 
LVESV.

After 24 months, LVEF significantly decreased in the RVP group (62–53%), and 
this was also a significant difference when compared to patients receiving biven-
tricular pacing, who demonstrated preservation of LVEF over the study period (62–
63%). Similarly, LVESV significantly increased in RVP (28.4–38.3  mL over 

Table 5.3 Randomized controlled trials evaluating cardiac resynchronization therapy in patients 
with high-degree AV block and heart failure with reduced ejection fraction (≤35%)

Clinical 
trial or 
study Study design Population

QRS 
duration 
(mean)

LVEF 
(mean)

Summary of 
findings

HOBIPACE 
(2006)

Single-center, 
prospective, 
single-blinded 
RCT
Crossover 
comparison of RV 
and BiV pacing of 
patients with 
symptomatic 
bradycardia 
requiring 
permanent 
pacemaker
Followed for 
6 months: 
3 months of each 
pacing modality

N = 30 patients
Mean age 
69.7 years old
NYHA class III–
IV, LVEF <40%, 
and LVEDD 
≥60 mm
Included atrial 
fibrillation patients 
(11/30 patients)

174 ms 26% Significantly 
lower LVEDV, 
LVESV, and 
NT-proBNP in 
BiV group
Significantly 
higher LVEF, 
cardiac index, 
and peak O2 
consumption in 
BiV group
Improved 
exercise capacity 
and quality of 
life in BiV group

COMBAT 
(2010)

Multicenter, 
prospective, 
double-blind RCT
Crossover study of 
RVP versus BiV 
pacing in those 
with AV block as 
an indication for 
pacing
Followed for 
average of 
17.5 months, 
minimum of 
3 months in each 
pacing modality

N = 60 patients: 31 
patients underwent 
RVP/BiV/RVP, 29 
patients underwent 
BiV/RVP/BiV
Mean ages 
57.4/59.3 years old
NYHA class II–IV, 
LVEF ≤40%, and 
on optimal medical 
therapy for 30 days
Excluded atrial 
fibrillation patients

148 ms 
(RVP)
154 ms 
(BiV)
15/31 and 
15/29 
patients in 
each arm 
had 
complete 
heart 
block

29% 
(RVP) 
and 
30% 
(BiV)

Significant 
improvement in 
quality of life, 
NYHA class, 
LVEF, and 
LVESV with 
BiV pacing
15/60 (25%) 
patients died. Of 
these, 
significantly 
more were in an 
RVP period
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24 months) and also was significantly increased compared to CRT (28.2–25.3 mL 
over 24 months). However, there were no significant differences in clinical mea-
sures such as heart failure hospitalizations, mortality, or quality of life between 
groups [16, 17]. Although the results of PACE argue in favor of biventricular pacing 
to protect LVEF and structural parameters, this did not translate to clinical outcomes 
during the studied period in patients with preserved LVEF and a narrow QRS com-
plex at baseline.

Shortly after PACE, the authors of the Preventing Ventricular Dysfunction in 
Pacemaker Patients Without Advanced Heart Failure (PREVENT-HF) trial reported 
similar findings 2 years later. PREVENT-HF was an international multicenter, pro-
spective, single-blind study of 108 patients with normal LVEF undergoing device 
implant for AV block which randomized patients to receive either DDD-R dual- 
chamber RV apical pacing or biventricular pacing systems. This trial selected 
patients with class I or IIa indication for permanent pacemaker and with an antici-
pated overall pacing rate of ≥80%. The groups were well-matched, with no signifi-
cant differences in LVEF (55% RVP versus 58% CRT), QRS duration (121 ms RVP 
versus 124 ms CRT), and other basic demographics including gender and major 
comorbidities. Patients were randomized to RV apical pacing or biventricular pac-
ing strategies and followed for 12 months. Of note, however, there was significant 
crossover due to inability to implant an LV lead affecting 16% of the patients 
assigned to biventricular pacing. The primary endpoint measured was change in 
LVEDV, and secondary endpoints evaluated were LVESV, LVEF, mitral regurgita-
tion, and clinical composite of heart failure events or cardiovascular hospitalization. 
This trial showed no significant difference in any of the outcomes measured in 
patients with high degree of ventricular pacing and preserved LVEF, although the 
authors noted that follow-up time was short and that small numeric improvement in 
LVEF (but not reaching statistical significance) was noted in patients receiving 
biventricular pacing in the on-treatment analysis [18].

Most recently, the Biventricular Pacing for Atrioventricular Block to Prevent 
Cardiac Desynchronization (BioPace) study was performed and preliminary data 
released in 2014, although the final manuscript remains unpublished. BioPace was 
a large, multicenter, prospective, single-blind RCT enrolling 1,810 patients, and its 
findings with respect to the impact of biventricular pacing has been highly antici-
pated. Enrollment criteria were broad, including patients NYHA class I–III symp-
toms irrespective of LVEF.  The most important requirement was AV block and 
anticipated need for ventricular pacing ≥67% of the time. BioPace included patients 
with atrial tachyarrhythmias (24% of patients). Of these patients, 400 (22%) had 
CHB, and an additional 573 (32%) had intermittent CHB or type II second-degree 
AVB. Patients were then randomized to RV versus biventricular pacing systems and 
followed for an average of 5.6 years. Baseline QRS duration overall was 119 ms. 
LVEF overall in all patients was 55%; if further broken down, 1239/1810 (68%) of 
patients had LVEF >50%; of these, the average LVEF was 62% [19].

The primary endpoint assessed in BioPace was a combined clinical endpoint of 
time to death and time to first heart failure hospitalization. The preliminary analysis 
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showed no significant difference in the primary outcome between RVP and biven-
tricular pacing strategies; this remained true even substratifying based on LVEF 
>50% and LVEF ≤50% subgroups [20]. Since the final manuscript has not been 
published, we do not have data regarding if there were subgroups of benefit with 
CRT, such as those with higher-degree RV pacing or high-degree AV block. At this 
point, however, the results are not suggestive of uniform benefit of CRT in patients 
with normal LVEF.

Taken together, three RCTs, BioPace, PREVENT-HF, and PACE, all resulted in 
no difference in hard clinical outcomes for patients who received CRT versus RVP 
with preserved LVEF (see Table 5.4) as a de novo strategy. This is an interesting 
contrast with studies like Shimano’s which show that—for patients with normal 
LVEF at baseline who develop RV pacing-induced cardiomyopathy after months or 
years of pacing—biventricular upgrade is a reasonable treatment approach. These 
findings suggest that the population of patients with normal LVEF at baseline and 
anticipated need for high-degree of RV pacing is heterogenous and that we must 
investigate other possible indicators or signals of risk prior to upfront biventricular 
pacing.

More recent registry data from Merchant et al. investigated 21,202 patients, of 
whom close to one-third had a documented history of complete heart block [21]. 
They found that patients with preexisting complete heart block were more likely to 
demonstrate a new diagnosis of heart failure in follow-up than patients without this 
diagnosis (and therefore likely receiving less RV pacing). With respect to predictors 
of heart failure, they found that younger age (≤55 years old) and history of atrial 
fibrillation were significant predictors of both increased heart failure early (within 
6 months) and late (between 6 months and 4 years) after device implant. An impor-
tant limitation of this study, however, is that baseline LVEF and pacing burden were 
not retrievable, and therefore interpretation with respect to patient selection remains 
limited from these large registry data.

 CRT in Patients with Intermediate Ejection Fraction  
(LVEF 36–49%)

In patients with intermediate LVEF, there have been two RCTs that have evaluated 
the role of RVP versus biventricular pacing. The first of these is the Left Ventricular- 
Based Cardiac Stimulation Post AV Nodal Ablation Evaluation (PAVE) study, 
which was published in 2005 [22]. PAVE was a multicenter, prospective, single- 
blind RCT of 184 patients who were to receive AV nodal ablation for chronic atrial 
fibrillation with rapid ventricular response refractory to medical management. This 
post-AV nodal ablation population was targeted given the need for post-ablation 
pacemaker placement and the inference that patients would be primarily reliant on 
ventricular pacing for nearly 100% of ventricular beats. Patients with NYHA class 
II–III symptoms and no previous pacemaker or implantable cardioverter- defibrillator 

H. E. Wey et al.



65

Ta
bl

e 
5.

4 
R

an
do

m
iz

ed
 c

on
tr

ol
le

d 
tr

ia
ls

 e
va

lu
at

in
g 

ca
rd

ia
c 

re
sy

nc
hr

on
iz

at
io

n 
in

 p
at

ie
nt

s 
w

ith
 h

ig
h 

de
gr

ee
 A

V
 b

lo
ck

 a
nd

 p
re

se
rv

ed
 e

je
ct

io
n 

fr
ac

tio
n 

(E
F 

≥5
0%

)

C
lin

ic
al

 
tr

ia
l o

r 
st

ud
y

St
ud

y 
de

si
gn

Po
pu

la
tio

n
Q

R
S 

du
ra

tio
n 

(m
ea

n)
LV

E
F 

(m
ea

n)
Su

m
m

ar
y 

of
 fi

nd
in

gs

PA
C

E
 

(2
00

9)
M

ul
tic

en
te

r, 
pr

os
pe

ct
iv

e,
 

do
ub

le
-b

lin
d 

R
C

T
 o

f 
pa

tie
nt

s 
w

ith
 in

di
ca

tio
n 

fo
r 

pr
im

ar
y 

pa
ce

m
ak

er
 

an
d 

pr
es

er
ve

d 
ej

ec
tio

n 
fr

ac
tio

n
B

iV
 o

r 
R

V
P 

pa
ci

ng
Fo

llo
w

ed
 f

or
 1

2 
m

on
th

s 
in

 o
ri

gi
na

l s
tu

dy
Fo

llo
w

 u
p 

st
ud

y 
pe

rf
or

m
ed

 a
t 2

4 
m

on
th

s

N
 =

 1
77

89
 p

at
ie

nt
s 

in
 B

iV
 p

ac
in

g 
gr

ou
p,

 8
8 

pa
tie

nt
s 

in
 R

V
P 

gr
ou

p
M

ea
n 

ag
e 

68
–6

9 
ye

ar
s 

ol
d

In
di

ca
tio

n 
fo

r 
PP

M
: S

N
D

, h
ig

h-
de

gr
ee

 A
V

B
LV

E
F≥

45
%

E
xc

lu
de

d 
if

 in
 p

er
si

st
en

t A
F,

 
un

st
ab

le
 a

ng
in

a,
 A

C
S,

 o
r 

PC
I/

C
A

B
G

 
w

ith
in

 p
re

vi
ou

s 
3 

m
on

th
s

In
cl

ud
ed

 p
at

ie
nt

s 
w

ith
 p

er
m

an
en

t A
F

10
7 

m
s

55
/8

8 
ha

d 
ad

va
nc

ed
 A

V
B

 in
 

R
V

P 
gr

ou
p

49
/8

9 
ha

d 
ad

va
nc

ed
 A

V
B

 in
 

C
R

T
 g

ro
up

62
%

Si
gn

ifi
ca

nt
ly

 lo
w

er
 

LV
E

F 
an

d 
hi

gh
er

 
LV

E
SV

 in
 R

V
P 

gr
ou

p
LV

E
F 

an
d 

LV
E

SV
 

un
ch

an
ge

d 
in

 B
iV

 
pa

ci
ng

 g
ro

up
N

o 
di

ff
er

en
ce

 in
 d

ea
th

, 
H

F 
ho

sp
ita

liz
at

io
n,

 o
r 

Q
O

L
 a

ss
es

sm
en

t

PR
E

V
E

N
T-

 
H

F 
(2

01
1)

M
ul

tic
en

te
r, 

pr
os

pe
ct

iv
e,

 
si

ng
le

-b
lin

d 
R

C
T

 o
f 

pa
tie

nt
s 

w
ith

 n
or

m
al

 
LV

E
F 

an
d 

cl
as

s 
I 

or
 I

Ia
 

in
di

ca
tio

n 
fo

r 
PP

M
 w

ith
 

ne
ed

 f
or

 v
en

tr
ic

ul
ar

 
pa

ci
ng

 ≥
80

%
 o

f 
th

e 
tim

e
Fo

llo
w

ed
 f

or
 1

2 
m

on
th

s

N
 =

 1
08

58
 p

at
ie

nt
s 

in
 R

V
P 

an
d 

50
 p

at
ie

nt
s 

in
 

C
R

T
M

ea
n 

ag
e 

70
–7

2 
ye

ar
s 

ol
d

E
xc

lu
de

d 
N

Y
H

A
 c

la
ss

 I
II

–I
V

, M
I,

 o
r 

ca
rd

ia
c 

su
rg

er
y 

in
 p

re
vi

ou
s 

3 
m

on
th

s,
 h

yp
er

tr
op

hi
c 

ca
rd

io
m

yo
pa

th
y,

 o
r 

pr
ev

io
us

 d
ev

ic
e

12
1 

m
s 

in
 R

V
P 

gr
ou

p
12

4 
m

s 
in

 C
R

T
 g

ro
up

13
/5

8 
pa

tie
nt

s 
in

 R
V

P 
an

d 
10

/5
0 

pa
tie

nt
s 

in
 C

R
T

 w
er

e 
de

pe
nd

en
t o

n 
PP

M
 in

fe
rr

in
g 

hi
gh

-d
eg

re
e 

A
V

B

55
%

 in
 R

V
P 

gr
ou

p
58

%
 in

 C
R

T
 

gr
ou

p

Fo
llo

w
ed

 f
or

 1
2 

m
on

th
s:

 
no

 s
ig

ni
fic

an
t d

if
fe

re
nc

e 
in

 L
V

E
D

V
, L

V
E

F,
 

LV
E

SV
, d

ev
el

op
m

en
t o

r 
w

or
se

ni
ng

 M
R

, h
ea

rt
 

fa
ilu

re
 s

ym
pt

om
s,

 
ca

rd
ia

c 
m

or
ta

lit
y,

 o
r 

ho
sp

ita
liz

at
io

n
B

io
Pa

ce
 

(2
01

4)
M

ul
tic

en
te

r, 
pr

os
pe

ct
iv

e,
 

si
ng

le
-b

lin
d 

R
C

T
 o

f 
18

10
 

pa
tie

nt
s 

w
ith

 h
ig

h-
de

gr
ee

 
A

V
 b

lo
ck

 r
eq

ui
ri

ng
 >

67
%

 
ve

nt
ri

cu
la

r 
pa

ci
ng

 a
nd

 
N

Y
H

A
 c

la
ss

 I
–I

II
 

sy
m

pt
om

s 
co

m
pa

ri
ng

 
R

V
P 

ve
rs

us
 B

iV
 p

ac
in

g
M

ea
n 

fo
llo

w
 u

p 
5.

6 
ye

ar
s

N
 =

 1
81

0
90

2 
pa

tie
nt

s 
in

 B
iV

, 9
08

 p
at

ie
nt

s 
in

 
R

V
P

M
ea

n 
ag

e 
74

 y
ea

rs
 o

ld
L

B
B

B
 p

re
se

nt
 in

 1
7%

 o
f 

pa
tie

nt
s 

ov
er

al
l, 

24
%

 w
ith

 a
tr

ia
l 

ta
ch

ya
rr

hy
th

m
ia

11
9 

m
s 

ov
er

al
l

40
0/

18
10

 p
at

ie
nt

s 
w

er
e 

in
di

ca
te

d 
fo

r 
co

m
pl

et
e 

he
ar

t 
bl

oc
k

57
3/

18
10

 p
at

ie
nt

s 
w

er
e 

in
di

ca
te

d 
fo

r 
in

te
rm

itt
en

t 
th

ir
d-

de
gr

ee
 A

V
 b

lo
ck

 o
r 

ty
pe

 
II

 s
ec

on
d-

de
gr

ee
 h

ea
rt

 b
lo

ck
 

w
ith

 p
ro

lo
ng

ed
 P

R
 in

te
rv

al

55
%

 o
ve

ra
ll

12
39

/1
81

0 
pa

tie
nt

s 
w

ith
 

LV
E

F 
>

50
%

. O
f 

th
es

e,
 m

ea
n 

E
F 

61
.9

%

N
o 

si
gn

ifi
ca

nt
 d

if
fe

re
nc

e 
in

 c
om

bi
ne

d 
en

dp
oi

nt
 o

f 
tim

e 
to

 d
ea

th
 a

nd
 ti

m
e 

to
 

fir
st

 h
ea

rt
 f

ai
lu

re
 

ho
sp

ita
liz

at
io

n,
 w

hi
ch

 
re

m
ai

ne
d 

no
ns

ig
ni

fic
an

t 
de

sp
ite

 s
ub

gr
ou

p 
an

al
ys

is
 b

y 
LV

E
F 

≤5
0%

 
an

d 
LV

E
F 

>
50

%

5 Biventricular Pacing for Patients with Complete Heart Block



66

(ICD) were included. Baseline LVEF was 46%. Patients were then randomized to 
receive either a conventional RVP device or a biventricular device and subsequently 
underwent AV nodal ablation within the following 4 weeks. Notably, 146 patients 
were originally randomized to the CRT group; however, 23 patients were lost to 
follow-up and 21 patients were withdrawn due to failed LV lead placement. 
Comparatively, 106 patients were randomized to the RVP group, of which 25 were 
lost to follow-up, but all device implantation procedures were completed success-
fully. This again highlights the technical difficulty of biventricular placement over 
traditional dual-chamber devices [22]. Patients were followed for 6  months’ 
duration.

The primary endpoint studied in PAVE was 6-min walk test distance before and 
after the study period. Secondary endpoints included quality of life as assessed by 
SF-36 Health Status Scale survey and LVEF.  Compared to RVP, patients who 
received CRT had significantly improved 6-min walk distance (31% improvement 
from baseline compared to 24% improvement in RVP group). This change was 
primarily driven by patients with LVEF ≤45%, and in further subgroup analysis, 
6-min walk distance was not significantly different between pacing modalities in 
patients with LVEF >45%. Additionally, LVEF remained unchanged at 6 months 
in the CRT group, but LVEF significantly decreased in the RVP group (46–41%). 
There was no significant difference in quality of life at 6 months post-ablation, 
even when further broken down by NYHA functional class, nor was there a sig-
nificant difference in mortality between groups. Thus, PAVE showed evidence of 
clinical improvement as determined by 6-min walk distance in patients with LVEF 
≤45% in favor of CRT over RVP as well as relative preservation of LVEF. However, 
this did not translate to a significant mortality benefit (although the trial was 
underpowered to show this), and it is clear that the favorable outcomes for CRT 
patients were driven by those with clinical heart failure and lower LVEF at 
baseline.

Following PAVE, which was specific to post-AV nodal ablation patients with 
refractory atrial fibrillation, the landmark Biventricular Pacing for Atrioventricular 
Block and Systolic Dysfunction (BLOCK HF) Trial was published in 2013 [23]. 
BLOCK HF was a multicenter, prospective, double-blind RCT of 691 patients with 
mild-moderate heart failure and high degree of ventricular pacing. Patients were 
included with third-degree AVB (with 47% enrolled with CHB), advanced second-
degree AVB, or first-degree AVB with PR interval ≥300 ms when paced at 100 bpm 
and LVEF ≤50% with NYHA class I–III symptoms. The study also included 
patients with permanent atrial fibrillation and those undergoing AV nodal ablation. 
Importantly, 207 patients received ICD placement as well. Patients were random-
ized to CRT or RVP and followed for an average of 37 months [23]. BLOCK HF 
demonstrated significant technical difficulty with device implantation in which 
113/809 patients in whom device implantation was attempted had a serious adverse 
effect within the first 30 days after implantation, of which 83 patients had complica-
tions related to the implantation procedure or the CRT device itself. Adverse events 
included lead dislodgement, lead damage, failure to capture, implantation site infec-
tion, and atrial fibrillation.

H. E. Wey et al.
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The primary endpoint studied in BLOCK-HF was time to death of any cause, an 
urgent care visit for heart failure requiring intravenous medical therapy, or a ≥15% 
increase in LVESV index. Secondary endpoints included two clinical composite 
outcomes: urgent care visit for heart failure or death of any cause and heart failure 
hospitalization or death of any cause. The primary endpoint occurred significantly 
more in the RVP group compared to the CRT group with a hazard ratio of 0.74, 
which remained consistent between those with and without ICD placement. 
Similarly, when LVESV index information was removed, the primary endpoint of 
time to death of any cause or an urgent care visit for heart failure significantly 
favored CRT over RVP. The composite secondary endpoints and time to first heart 
failure hospitalization were significantly less in the CRT group compared to RVP, 
although all-cause mortality was not significantly different between groups.

A subgroup of the previously discussed BioPace trial had intermediate LVEF 
(41%). This subgroup was comprised of 571/1810 (32%) patients [20]. When ana-
lyzed separately, this group similarly did not show a significant difference in the 
primary outcome of combined time to death and time to first heart failure hospital-
ization. The results of BioPace, BLOCK HF, and PAVE have conflicting results in 
regard to clinical outcomes of CRT versus RVP in patients with intermediate LVEF 
(Table 5.5). Where BLOCK HF and PAVE found evidence of at least some degree 
of clinical improvement with CRT over traditional RV apical pacing in patients with 
CHB or advanced AVB, BioPace, the largest RCT conducted to date on this popula-
tion, did not find a significant difference, although it remains unpublished. The 2018 
bradycardia guidelines, however, have incorporated the results of BLOCK-HF, and 
biventricular pacing (or His bundle pacing) may be considered (class IIa indication) 
in patients receiving device therapy with an anticipated >40% pacing and an LVEF 
of 36–50%.

 Congenital Heart Block

CHD and CCAVB are a special patient population with a unique array of clinical 
features. Many infants with CCAVB or other structural cardiac abnormalities will 
require pacemaker placement with or without ICD placement due to symptomatic 
bradycardia, progressive LV dysfunction, malignant arrhythmia or as primary pre-
vention. Although there are no randomized controlled trials comparing traditional 
RVP and biventricular pacing, in this population, several case reports and case series 
do exist in the literature (see Table 5.6) which suggest that biventricular pacing may 
be of benefit.

A multicenter cross-sectional study of 178 children with structurally normal 
hearts, advanced second-degree or third-degree AVB, and >70% ventricular pacing 
requirement was conducted by Janousek et  al. and published in 2013. Notably, 
171/178 patients had CHB, and 138/178 patients had CCAVB. Patients underwent 
ventricular pacemaker placement at various locations including RVOT, RV lateral 
wall, RV septum, RV apex, LV basal wall, LV lateral wall, and LV apex. Patients 

5 Biventricular Pacing for Patients with Complete Heart Block
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were followed for a median of 5.4 years. This study observed a significant decrease 
in LVEF in all RV pacing sites and LV basal pacing compared to LV lateral wall and 
LV apical pacing sites with the most subjective ventricular dyssynchrony occurring 
at RVOT and RV lateral wall sites [24]. Although not specifically engaged in CRT, 
this study supports the concept that worsening ventricular dyssynchrony by non- 
physiologic cardiac conduction, even in children with structurally normal hearts and 
preserved LVEF, is deleterious compared to synchronous ventricular contraction.

In 2014, Motonaga and Dubin conducted a systematic review of CRT in CHD 
and associated heart failure. This review incorporated seven single-center studies 
and two multicenter retrospective studies. This review specifically identified 66/101 
patients to have complete AVB. Prior to implantation, baseline QRS was 166 ms in 
the multicenter reviews, and baseline LVEF was 26%. All studies found increased 
LVEF after CRT implantation and narrowed QRS complex compared to baseline 
[25]. Although CRT was not compared to any other form of pacing in these studies, 
it may provide one of several non-pharmacologic therapies for pediatric patients 
with CHD and heart failure with or without complete AVB.

 Post-AV Nodal Ablation

In addition to the findings of the PAVE trial (2005), a large retrospective observa-
tional cohort study using the MarketScan Commercial and Medicare supplemental 
claims database was performed regarding patients with atrial fibrillation who under-
went AV junction ablation (AVJA) followed by pacemaker implantation [26]. The 
study included 24,361 patients, of which 1611 underwent AVJA, 23,377 received 
RVP, and 984 received biventricular pacemakers. The study compared risk of hos-
pitalization due to atrial fibrillation between AVJA and non-AVJA groups, finding a 
significant reduction in the AVJA group (hazard ratio 0.31). They also compared 
risk of heart failure hospitalization in CRT versus RVP and found a significant 
increase in risk in patients who received RVP after AVJA compared to non-AVJA 
(hazard ratio 1.63), whereas no-such increased risk occurred in those who received 
CRT after AVJA.

Another prospective, double-blind, multicenter, randomized controlled trial of 
186 patients by Brignole and colleagues in 2011 compared patients who had under-
gone AVJA for symptomatic permanent atrial fibrillation who then received biven-
tricular pacing versus traditional RVP [27]. Average LVEF at enrollment was 38% 
in the CRT group (N = 97) and 37% in the RVP group (N = 89). 40% of patients 
received ICD placement as well in both groups, and 50% of patients in both groups 
had baseline QRS ≥120 ms. Patients were followed for a median of 20 months with 
crossover due to clinical failure as defined by the primary endpoint of composite HF 
hospitalization, death due to HF, or clinically worsening HF. This study found a 
statistically significant reduction in the primary endpoint in those who received 
CRT over RVP primarily driven by reduction in HF hospitalization and clinically 
worsening HF. All-cause mortality was similar between groups.
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In patients with LVEF ≤35%, QRS ≥120 ms, and NYHA class ≥III–IV, which 
represented 25% of study patients and the population indicated for CRT by both 
American and European guidelines, there was a significant clinical decline as defined 
by incidence of the primary outcome in RVP as compared to CRT.  Interestingly, 
among the 75% of patients who did not meet the above criteria, the statistical signifi-
cance of clinical performance remained present favoring CRT over RVP.

 Discussion

It has been well-established that nonreversible CHB is usually an unstable bradyar-
rhythmia that requires pacemaker support. Overall, there are limited data directly 
comparing RVP versus biventricular pacing with an LV lead in patients receiving 
devices for high-degree AV block. We believe that the available data suggest that a 
tailored approach of selecting RV versus biventricular pacing should be pursued 
based on underlying LVEF, pacing burden, and clinical scenario.

In patients with CHB and reduced LVEF ≤35%, evidence from two prospective, 
randomized trials—HOBIPACE and COMBAT—along with data from multiple 
cohort studies, consistently show echocardiographic and clinical improvement in CRT 
over traditional RV apical pacing. Improved LVEF (see Fig.  5.1), LV dimensions, 
cardiac index, exercise capacity, and quality-of-life scores were observed among these 
trials. These findings may correlate with the degree of ventricular dyssynchrony and 
prolonged QRS duration documented in both studies, with average- paced QRS dura-

Change in EF, CRT
group (%)

Change in EF, RVP
group (%)

-10 -5 0 5 10

Preserved EF PREVENT-HF

PACE

PAVE

Reduced EF
COMBAT

HOBIPACE

Fig. 5.1 Comparison of change in ejection fraction between RVP and CRT groups in randomized 
controlled studies
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tions greater than 150 ms. It has also been well documented that RVP leads to an 
abnormal LV electrical activation sequence and functional LBBB and thus may lead to 
inefficient ventricular contraction and worsening LVEF over time even in patients with 
previously normal LVEF [28, 29]. It is thought that this abnormal electrical activation 
predisposes to increased mechanical work at the level of myocardial fibers with 
increased oxygen consumption [30–32]. The benefit of CRT in patients with reduced 
LVEF and prolonged QRS duration independent of AVB has also been demonstrated 
as well [33]. Given the consistency of data showing clinical improvement in patients 
with high-degree AVB and significant systolic dysfunction (≤35% at baseline), CRT is 
the most appropriate choice in this population.

In patients with preserved LVEF, however, the current data do not support rou-
tine selection of CRT over RVP. BioPace and PREVENT-HF found no significant 
differences in clinical or echocardiographic parameters between RVP and CRT 
groups. PACE found preservation of LVEF in CRT compared to RVP, but again 
this study showed no evidence of significant clinical change within the study time 
frame. More recent large registry data of patients with AVJA suggest that biven-
tricular pacing is associated with less heart failure hospitalization, but data on 
remodeling or LVEF is unavailable [26]. Importantly, implantation of a left ven-
tricular lead is a technically more advanced procedure and is associated with a 
higher rate of  complications than traditional RVP. In 2012, the European Heart 
Rhythm Association/HRS expert consensus reported 5–9% implantation failure 
and 3–7% coronary sinus lead dislodgement [34]. Therefore, without clinical ben-
efit and elevated procedural risk, the current data do not support the routine use of 
CRT over traditional RVP in patients with CHB and preserved LVEF. Nonetheless, 
patients should be closely followed with attending to the development of pace-
maker-induced cardiomyopathy given the degree of ventricular pacing required in 
complete AVB.  In patients who develop pacing-induced dysfunction, CRT 
upgrade is a reasonable approach. Not focused on this chapter, His bundle pacing 
(HBP) may also be another means of addressing pacing-induced cardiomyopathy 
and is under current study [35].

Device selection should be tailored more carefully in patients with intermedi-
ate LVEF and CHB. While BLOCK-HF (average LVEF of 40%) was a positive 
study and showed significant improvement in combined clinical outcomes with 
CRT over RVP, a subgroup of BioPace found no change in clinical outcomes 
between pacing modalities (although rates of pacing have yet to be reported). 
PAVE additionally found echocardiographic improvement with CRT and mainte-
nance of LVEF but was driven by patients with lower LVEFs. CRT implantation 
can be considered in this population depending on implantation risk, comorbidi-
ties, and risk of development of pacemaker-induced cardiomyopathy. There is a 
growing consideration for use of HBP in this population. Randomized controlled 
trials are ongoing to assess efficacy and safety of HBP compared with LV and 
biventricular devices. A systematic review of HBP cases from 26 articles and 
1438 patients with baseline intermediate LVEF (average 43%) found an 84.8% 
successful implantation rate with improvement in LVEF by 6% [35]. HBP may be 
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a future pacing modality with improved implantation rates and perhaps less oper-
ative risk in this population.

The same concepts are seen in the limited data on post-AV nodal ablation and 
CHD patients. Often these patients will also have reduced LVEF and other struc-
tural abnormalities present, and patients with CCAVB and CHD appear to clinically 
benefit from CRT. Although there are no RCT data to prove the benefit of CRT or 
LV pacing over traditional RVP, the limited data of case reports and case series show 
that there is clinical benefit from ventricular resynchrony particularly in those with 
a wide QRS and visualized dyssynchrony. In post-AVJA patients, CRT appears to 
benefit these patients over traditional RVP in terms of preserving LVEF and reduc-
ing clinical progression of HF and HF hospitalization. PAVE along with studies by 
Brignole and Mittal et al. found a drop in LVEF in RVP after AV nodal ablation as 
compared to biventricular pacing. Clinically, Mittal and colleagues found a relative 
reduction in heart failure hospitalizations in patients with CRT compared to those 
with RVP, but baseline LVEF was unavailable. Meanwhile, Brignole and colleagues 
found a reduction in clinical worsening of HF and HF hospitalizations in patients 
who received CRT as compared to RVP; although the average LVEF in this study 
was reduced, 60% of patients had intermediate or preserved EF. It is unclear, there-
fore, whether CRT after AVJA would benefit all patients universally, irrespective of 
LVEF, although physiologically maintaining some degree of synchrony (with biven-
tricular pacing or HBP) remains the most attractive option.

CHB Patient Referred for Pacing

Low LVEF
(£ 35%)

Intermediate
LVEF

(36 – 50%)

Preserved
LVEF (>50%)

Stratify
By LVEF

Proceed with cardiac
resynchronization
therapy
Consider combined
defibrillator if
consistent with goals

•

•

Data support
consideration of
biventricular pacing
over RV pacing

•

• Emerging data also
support role for His
bundle pacing

Data do not presently
support de novo
biventricular pacing

•

• His bundle pacing may
be reasonable up-front

• If pursuing RV pacing,
monitor closely for
development of pacing
induced cardiomyopathy

Fig. 5.2 Suggested decision tree for device selection in patients with complete heart block
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 Conclusion

The weight of the evidence supports the use of CRT in patients with reduced LVEF, 
is likely beneficial in those with intermediate LVEF, but should not be routinely 
pursued in patients with preserved LVEF, particularly due to higher perioperative 
risk and due to the technical difficulty of implanting an LV lead in a minority of 
patients. A suggested approach is outlined in Fig. 5.2. Future research should focus 
on better risk stratifying patients at risk for RV pacing-induced cardiomyopathy 
beyond baseline LVEF, particularly with respect to underlying biomarkers or genetic 
predisposition to structural or functional decline. In addition, alternative site pacing, 
including His bundle pacing and conduction system pacing, should also be consid-
ered as a complement or alternative to biventricular pacing.
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Chapter 6
CRT Devices in Heart Failure: 
Does the Patient Need a Pacemaker 
or Defibrillator?

C. Normand and K. Dickstein

 Introduction

Cardiac resynchronization therapy (CRT) can be delivered through CRT pacemaker 
devices (CRP-P) or CRTs with a defibrillator component (CRT-P). Most patients 
with heart failure who qualify for a CRT device also have an overlapping indication 
for primary prophylaxis against sudden arrhythmic death with an implantable 
cardioverter- defibrillator (ICD) [1, 2]. Therefore, clinicians must frequently decide 
whether an individual patient should receive a CRT-P or a CRT-D.

A recent survey of 11,088 patients undergoing CRT implantation conducted in 
Europe by the European Society of Cardiology (ESC) showed that 70% of patients 
were implanted with a CRT-D device and 30% with a CRT-P [3]. However, when 
analyzing individual countries, the percentage of CRT-P ranged from 2% to 88% [4].

 International Guideline Recommendations

There is limited specific advice in international guidelines regarding the choice of 
device type. The ESC European Heart Rhythm Association (EHRA) guidelines sug-
gest implanting a CRT-D in patients with a life expectancy >1 year, NYHA func-
tional class II, ischemic heart disease, and no major comorbidities [5]. They 
recommend selecting a CRT-P in patients with advanced heart failure, severe renal 
insufficiency or dialysis, and other major comorbidities including frailty and 

C. Normand · K. Dickstein (*) 
Cardiology Division, Stavanger University Hospital, Stavanger, Norway 

Institute of Internal Medicine, University of Bergen, Bergen, Norway
e-mail: trout@online.no

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-22882-8_6&domain=pdf
mailto:trout@online.no


78

cachexia. The 2015 ESC guidelines for the management of patients with ventricular 
arrhythmias and the prevention of sudden cardiac death recommend implanting a 
CRT-D for prevention of sudden cardiac death (SCD) in heart failure patients in 
NYHA class II if their QRS is ≥130 ms, with LBBB and a LVEF ≤30% [2]. Another 
ESC association guideline—the Heart Failure Association (HFA)—states that, if the 
primary reason for implanting a CRT is to improve prognosis, most evidence lies 
with CRT-D for patients with NYHA functional class II and with CRT-P for patients 
in NYHA functional classes III to IV. If the primary reason for implanting the device 
is relief from symptoms, HFA guidelines propose that the clinician chooses between 
a CRT-P and a CRT-D, as he/she considers appropriate [1].

The Canadian Cardiac Society (CCS) guidelines suggest that a CRT-P be consid-
ered in patients who are not candidates for ICD therapy, such as those with a limited 
life expectancy because of significant comorbidities [6]. The NICE guidelines spe-
cific to the United Kingdom provide specific guidance on whether to implant a 
CRT-P or a CRT-D depending on NYHA class, QRS duration, and morphology, but 
do not consider the patient characteristics addressed by the EHRA guidelines [7]. 
The 2018 heart failure guidelines from Australia state that when CRT is indicated in 
most cases, a CRT-D is preferred, although, in patients with nonischemic heart fail-
ure, a CRT-P device may provide adequate protection. Furthermore, they state 
that—in patients who do not wish to have the potential for defibrillation, where the 
left ventricle is likely to improve, in the very elderly, or in those who retain a poorer 
prognosis but remain symptomatic—it would be reasonable to consider a CRT-P 
over a CRT-D [8]. American Cardiology Society recommendations relating to CRT 
are found in the American College of Cardiology Foundation/American Heart 
Association (ACCF/AHA) guidelines for the management of heart failure (2013), 
which were harmonized with the ACCF/AHA/Heart Rhythm Society (HRS) 2012 
focused update of the 2008 guidelines for device-based therapy of cardiac rhythm 
abnormalities. Neither of these guidelines provide advice on choice of device type 
[9–11]. Furthermore, since publication of the 2013 guidelines, several focused 
updates of heart failure have been published by ACC/AHA/Heart Failure Society of 
America (HFSA). These updates do not propose changes to CRT recommendations, 
nor do they provide advice on choice of CRT device type [12, 13].

 The Evidence for Implanting CRT-D

The recommendation for implanting a defibrillator in patients with symptomatic 
heart failure and reduced ejection fraction was based on the results of two large tri-
als: the Multicenter Automatic Defibrillator Implantation Trial II (MADIT II) and 
the Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT) [14, 15]. In MADIT 
II 1232 patients with prior myocardial infraction and LVEF ≤30% were randomly 
assigned in a 3:2 ratio to receive an ICD or optimal medical therapy (OMT). [15] In 
the SCD-HeFT 2521 patients with NYHA class II or II heart failure and an LVEF 
≤35% were randomized to OMT, OMT and amiodarone, and OMT and ICD. Both 
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these trials showed significantly improved survival in the patient group implanted 
with a defibrillator. ICDs are therefore recommended as prophylactic therapy for 
patients with symptomatic heart failure if their left ventricular ejection fraction is 
≤35% [2]. A logical extrapolation would therefore be that in the patient group with 
a wide QRS qualifying for CRT, the preferred choice would be a CRT-D.

 The Evidence for Implanting a CRT-P vs. a CRT-D

 The Evidence for CRT-P Alone

One of the pivotal CRT trials, CARE HF, randomized 813 patients to OMT with 
or without CRT. This trial convincingly demonstrated a reduction in total mortal-
ity with CRT compared with optimal medical therapy in eligible patients [16]. In 
the extended follow-up dataset, CRT-P was associated with a reduction in sudden 
cardiac death closely correlated to LV reverse remodeling [17, 18]. In addition, 
the REVERSE study that randomized 610 patients with mild heart failure to active 
or inactive CRT therapy demonstrated that significant reverse LV remodeling was 
associated with a reduction in ventricular tachycardia (VT). [19]. Furthermore, in 
the MADIT-CRT trial where 1820 patients with EF ≤30% and QRS >130 ms with 
mild heart failure were randomized to CRT-D or ICD, reverse remodeling was 
also associated with a significant reduction in the risk of subsequent life- 
threatening VT [20].

Therefore, the question remains: Does the addition of a defibrillator offer addi-
tional protection to these patients receiving a CRT device? Furthermore, if CRT-D 
patients need their device replaced, should they perhaps receive a CRT-P instead? 
This is an important question to answer, as the addition of the defibrillator compo-
nent is not without potential adverse procedural complications including the risk of 
inappropriate shocks [21, 22]. In the follow-up analysis of the MADIT II trial (ICD 
vs. OMT) [15], the investigators found that 11.5% of the 719 patients receiving an 
ICD experienced an inappropriate shock [21]. The most common trigger for these 
shocks was atrial fibrillation. Noteworthily, these patients had higher mortality rates 
than those who did not receive inappropriate shocks (hazard ratio 2.29, p = 0.025). 
Another retrospective cohort study compared inappropriate shocks in 85 patients 
implanted with a CRT-D with 100 patients implanted with an ICD device with a 
follow-up period of 21 ± 13 months [23]. In this study 18 patients experienced inap-
propriate shocks. However, there was significantly lower rate of inappropriate shock 
in the CRT-D group vs. the ICD group. Again, atrial fibrillation and atrial flutter 
were the strongest predictors of inappropriate shocks. The authors therefore suggest 
that CRT, by reducing the atrial fibrillation burden in these patients, is responsible 
for lower rate of inappropriate shocks compared with the ICD patients.

One might also assume that implanting an ICD lead with its increased size and 
rigidity would lead to more periprocedural complications than implanting only the 
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right and left ventricular CRT pacing leads. However, the evidence is conflicting. A 
2013 Danish cohort study of 5918 patients with cardiac implantable electronic 
devices found that implantation of a CRT-D compared with a CRT-P was associated 
with a higher risk of complications, primarily due to lead-related re-interventions 
(CRT-D 4.7 vs. 2.3% CRT-P, P = 0.001) [22]. Another study looking at 1-year out-
comes of 402 CRT-P and CRT-D implantations found that CRT-D patients had 
higher incidences of loss of capture (CRT-D 9.2% vs. 3.5% CRT-P, P  =  0.01). 
However, in this study there were no significant differences in infections rates, 
rehospitalization rates, and mortality rates between the two groups [24]. Furthermore, 
the ESC CRT Survey II (11,088 patients) and a recent multicenter European cohort 
study (3008 patients) with CRT-P and CRT-D implantations found similar peripro-
cedural complication rates between both CRT-P and CRT-D recipients [4, 25]. The 
CRT Survey II also reported similar adverse event rates during hospitalization and 
similar length of stay between the two groups [4]. This could reflect increased inter-
national implantation experience or possibly a choice for CRT-P in patients deemed 
at higher risk for complications. Although the periprocedural complications were 
the same in the European cohort study of 3008 patients, they did find significant 
differences between the groups in late complications in this study during a mean 
follow-up of 41.4 ± 29 months. The significantly higher rate of complications in the 
CRT-D group was particularly evident for device-related infections [25].

In addition, one must remember that in a substantial portion of patients who 
receive a CRT-D or ICD, the device never fires [26]. Furthermore, the defibrillator 
device has a higher cost than a device with only a pacemaker component and 
requires a more intensive follow-up program [27].

 Direct Comparisons of CRT- P vs. CRT-D

No adequately powered, randomized clinical trial has compared the effect of CRT-P 
vs. CRT-D on long-term clinical outcomes in eligible patients. Only one head-to- 
head study of CRT-D vs. CRT-P has ever been published. However, this study 
(COMPANION) with 1520 patients was not designed to compare different CRT 
devices; rather, it focused on the overall concept of CRT versus optimal medical 
therapy. The study had three arms: OMT alone, OMT + CRT-P, or OMT with CRT- 
D. It established the benefit of a CRT over medical therapy in eligible patients, but 
was underpowered to compare any difference between the two device arms. 
Although total mortality was only reduced compared with medical therapy in the 
CRT-D arm, the CRT-P and CRT-D curves largely overlapped one another [28].

The majority of comparisons of CRT-P vs. CRT-D have been retrospective cohort 
studies, and these have suggested that the benefit for a CRT-D over a CRT-P may be 
limited to those patients with ischemic heart failure etiology. A study from a high- 
volume single center, comparing the mortality rates of 693 patients implanted with 
a CRT-P vs. 429 implanted with a CRT-D, found CRT-D to be associated with a 30% 
risk reduction in all-cause mortality compared with a CRT-P.  However, such a 
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 mortality benefit was not observed for patients with nonischemic cardiomyopathy 
[27]. Another observational study of 5307 consecutive patients with CRT-P vs. 
CRT-D again only found improved survival in the patients with ischemic heart fail-
ure with a CRT-D. In the patients with nonischemic heart failure there was no mor-
tality benefit from a CRT-D vs. a CRT-P [29]. In a UK cohort study of 551 patients 
implanted with a CRT-D versus 999 with a CRT-P, CRT-D was associated with 
lower mortality, heart failure hospitalizations, and hospitalizations for major acute 
coronary events (MACE) after stratifying for heart failure etiology; this lower mor-
tality rate was only evident for the patients with ischemic heart failure etiology [30].

The only recent RCT of defibrillator over standard care, the DANISH study, 
randomized 556 patients with heart failure of nonischemic etiology with an LVEF 
≤35% to either receive an ICD or usual clinical care. Despite the rate of sudden 
cardiac death being half in the ICD group (4.3%) compared with the control group 
(8.2%), this trial showed no significant difference in overall survival benefit between 
the two groups. There was, however, an age interaction suggesting that the benefits 
of ICD in patients with nonischemic etiology were limited to the younger patients 
(<68 years of age) [31]. In both the ICD and the control group 58% of the patients 
received a CRT device, and these results were independent of whether or not the 
patients received a CRT. Therefore, this study enabled the direct comparison of 323 
CRT-P patients versus 322 CRT-D patients with ischemic heart failure etiology. The 
DANISH study suggests that in patients >68 years of age with heart failure due to 
nonischemic etiology, the increased mortality rate is not due to sudden cardiac death 
but rather to another mode of death for which an ICD does not improve mortality 
rates.

This futility of the defibrillator in patients ≥75 years of age is further supported 
by a study examining 775 consecutive patients undergoing CRT implantations [32]. 
Of the 177 patients that fulfilled the inclusion criteria, 80 were implanted with a 
CRT-P and 97 with a CRT-D. After 26 ± 19 months, 35% of patients had died with 
no significant difference between the two groups, 35% in the CRT-P and 35% in the 
CRT-D group (p = 0.994).

In the French CeRtiTuDe registry, 1705 recipients of either a CRT-P or a CRT-D 
were followed rigorously for adjudicated causes of death over 2 years [33]. Patients 
with CRT-P compared with CRT-D were older (mean age 76 years), were less often 
male, had more symptoms of heart failure, and less often had ischemic etiology, and 
more patients had atrial fibrillation and other comorbidities. Although in CeRtiTuDe 
mortality was double in the CRT-P vs. the CRT-D group, this increased mortality 
rate was due to non-sudden cardiac death in the CRT-P group, thereby suggesting 
that the patients that are routinely selected for a CRT-P would not benefit from a 
CRT-D.

A large single-center study published in 2016 showed results similar to the 
CeRtiTuDe registry, namely, that despite being younger and fitter, recipients of 
CRT-D systems did not have a clear mortality benefit over those that received CRT-P 
systems [34]. In short, CRT reduces but probably does not completely abolish the 
risk of sudden cardiac death. The likely mechanism is related to reverse remodeling 
following successful resynchronization [20].

6 CRT Devices in Heart Failure: Does the Patient Need a Pacemaker or Defibrillator?
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 Which Patients Are Getting Which Device Type?

The percentage of CRT-P vs. CRT-D varies greatly in different regions and countries 
as shown in Figs. 6.1 and 6.2 [4, 35]. In Europe the percentage of CRT-P devices 
ranged from as low as 2% to as high as 88%. The variation could not be explained 
simply by the country’s economic status, so clearly other factors are motivating 
physicians to make choices between CRT-P and CRT-D. In a cross-sectional study 
from the United States, looking at 311,086 CRT implantations, they found that 
86.1% were CRT-Ds [36].

In the CRT Survey II, the CRT-P recipients were older, more commonly had 
NYHA functional class III–IV symptoms, were more often female, had higher 
NT-pro BNP levels, and more frequently had comorbidities and additional conduc-
tion tissue disease. On the other hand, patients implanted with a CRT-D device were 
more likely to have ischemic heart failure etiology. A large meta-analysis in patients 
with CRT-P vs. CRT-D comprising 44 studies and 18,874 patients found that CRT-P 
recipients were older, were more often female, and had higher NYHA class, with 
more atrial fibrillation and less ischemic heart disease. This study found an unad-
justed mortality rate that was twofold higher in the patients with CRT-P with SCD 
representing a third of the excess mortality [37], thereby suggesting that patients 
with higher NYHA class and more comorbidities are being selected for CRT-P over 
CRT-D.

Furthermore, an analysis of data from patients >75 years of age evaluated 405 
patients with a CRT-D and 107 patients with a CRT- P and found that the increased 
mortality of the CRT-P groups was lost when adjusting for the baseline differences 
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between the groups. These variables included age (the CRT-P groups were older 
(83 years vs. 81 years, P  < 0.001)) and more extensive comorbidities (Charlson 
index = 5 [3–6] vs. 4 [3–5], P = 0.007) [38].

 How Should We Proceed?

Perhaps providing implanters with a scoring system for patient selection would 
assist in appropriate patient selection. A risk score called the Goldenberg risk score 
has been proposed to identify patients with a limited survival benefit from a CRT-D, 
who may therefore be implanted with a CRT-P rather than a CRT-D. This risk score 
includes five clinical risk factors including NYHA class >2, atrial fibrillation, QRS 
duration >120 ms, age >70 years, and blood urea nitrogen >26 mg/dl. In a retrospec-
tive observational cohort study of 638 patients, it was found that patients with a low 
score of 0–2 had a decreased mortality rate compared with a CRT-P in the first 
4  years of follow-up (CRT-D 11.3 vs. CRT-P 24.7%, P  =  0.041). Although this 
effect attenuated with longer follow-up duration (CRT-D 21.2 vs. CRT-P 32.7%, 
P = 0.078), no significant benefit of a CRT-D was found in those with a risk score 
≥3. Such risk scores may prove useful in informing the selection of the most appro-
priate type of CRT device in the individual patient [39].

However, in order to properly resolve the P vs. D question, we would require a 
large, randomized controlled trial directly comparing the two types of CRT devices 
on long-term clinical outcomes. Such an ambitious trial would necessarily have to 
include sufficient numbers of patients to permit evaluation of the outcomes in the 
various clinical subgroups. Fortunately, the RESET-CRT trial is underway in 
Germany (ClinicalTrials.gov number NCT03494933). In this study, 2030 patients 
with both ischemic and nonischemic HF etiology will be randomized to a CRT-P or 
CRT-D with the following inclusion criteria: >18 years of age, symptomatic heart 
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failure (NYHA class II–IV), LVEF ≤35%, on OMT, and with a class I or IIa indica-
tion for a CRT device. Patients with a previous VT episode and those with a I or IIa 
indication for secondary prevention of sudden cardiac death and VT with an ICD 
are excluded. The primary endpoint of this study is all-cause mortality. Hopefully, 
the results of such a trial will shed more light on this important and clinically rele-
vant issue.

 Conclusion

Faced with many competing causes of death in patients with heart failure and left 
ventricular dysfunction, the selection of patients who might benefit from a CRT-D 
is challenging. We should estimate clinically whether the patient is expected to sur-
vive at least 1  year with good functional status before implanting a CRT- 
D. Furthermore, the likelihood of sudden cardiac death should be evaluated and 
outweigh the potential adverse events associated with the device. However, a CRT-P 
might also provide adequate protection from the increased mortality risk that these 
patients face, and they might not require the defibrillator component. This important 
question can only be adequately addressed by a large RCT comparing both devices 
in sufficient subgroups of eligible patients with heart failure and left ventricular 
systolic dysfunction.
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Chapter 7
His Bundle Pacing Versus Biventricular 
Pacing for CRT

Nicole Habel and Daniel L. Lustgarten

Cardiac resynchronization therapy (CRT) by the way of biventricular (BiV) pacing 
is an established component of heart failure treatment in selected patients1 and aims 
at reestablishing synchrony between right ventricular and left ventricular activation 
[1]. However, this form of cardiac excitation fails to emulate the multisite simulta-
neous endo- to epicardial activation resulting in torsional contraction, which is criti-
cal to achieve optimal cardiac output.

His bundle pacing (HBP) offers an alternative to biventricular pacing by engag-
ing intact His-Purkinje fibers, thereby restoring physiologic ventricular activation. 
Contrary to common belief, the anatomic location of the bundle of His makes it 
amendable to pacing in the majority of patients, and procedural techniques have 
become less challenging since the availability of sheath delivery systems.

 Evolution of Pacing

The evolution of pacing began with a focus on working with the constraints of tech-
nology, with little emphasis on interacting with the anatomy of the native conduc-
tion system. The first electronic pacemaker was enormous due to the absence of 
transistors, the advent of which permitted the development of smaller batteries, the 
first ones being externalized devices that were soon followed by implantable ones. 
Further miniaturization and more sophisticated leads brought us to the current para-
digm. Cardiac resynchronization therapy mirrors the history of the implantable 
pacemaker, with the focus being placed on further engineering improvements 

1 CRT is indicated in systolic heart failure NYHA class II–IV, with LVEF ≤35% and LBBB 
with QRS ≥150 ms (class I recommendation – 2012 focused update of 2008 guidelines).
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and – up until recently – relatively little attention to understanding the relationship 
between pacing sites and the specialized conduction system.

The detrimental effect of interventricular asynchrony was already recognized by 
Wiggers in 1925 when examining the maximum LV pressure derivative (LV dP/dt 
max) of canine myocardium in response to surface stimulation [2]. Once radionuclide 
ventriculography became available in the 1980s, Grines et al. [3] described signifi-
cantly lower LVEF in 18 patients with left bundle branch block (LBBB) as compared 
to 10 normal subjects and de Teresa showed reversal of this effect when pacing the 
LV free wall [4]. Biventricular pacing in heart failure was first implemented in 1993: 
Bakker and colleagues [5] treated 12 patients with advanced heart failure, sinus 
rhythm, and LBBB with biventricular stimulation by implanting a dual-chamber 
pacemaker and affixing an epicardial lead to the anterolateral LV wall via minithora-
cotomy. Functional capacity improved from median NYHA class IV to II–III in the 
short term and was sustained at 1-year follow-up in those patients who survived to 
12  months (9/12 patients). Transvenous LV lead insertion was tested in the mid-
1990s [6] and paved the way for systematic evaluation of BiV pacing for CRT.

The Multisite Stimulation in Cardiomyopathy (MUSTIC) trial [7], published in 
2001, was the first randomized controlled trial to show clinical benefit from CRT by 
means of biventricular pacing. While MUSTIC and MIRACLE [8] showed improve-
ments in symptoms and functional parameters, the 2004 COMPANION trial [9] sug-
gested biventricular pacing – even in the absence of defibrillation – conveys a mortality 
benefit. Subsequent studies provided further evidence for BiV pacing reducing the 
composite primary endpoint of heart failure hospitalization and all- cause mortality 
when compared to medical therapy alone (CARE-HF [10]) or defibrillator implant 
alone (MADIT-CRT [11]). Unfortunately, the rate of nonresponders (i.e., failure to 
improve mortality, LV function, or symptoms) ranges between 20% and 40%. This has 
stimulated research into technical improvements, optimizing patient selection as well 
as, LV lead and site selection. Subgroup analysis of MADIT-CRT [12] and REVERSE 
[13] showed no benefit in patients with non-LBBB morphology, and a 2012 meta-
analysis suggested lack of benefit from CRT in patient with QRS duration <150 ms 
[14]. LV lead positioning is anatomically ideal in the lateral or posterolateral aspect of 
the LV wall; however this can be limited by variations in coronary sinus branch vessels 
and fails to account for individual electrical/mechanical delay. Additionally, inadver-
tent phrenic nerve stimulation by traditional bipolar LV leads can be clinically relevant 
in up to 22% of patients [15]. Quadripolar pacing leads and leadless LV pacing are 
technical solutions developed or being developed in an attempt to circumnavigate 
these issues, but neither addresses the fact that ventricular myocyte pacing is non-
physiologic. His bundle pacing on the other hand offers a physiologic approach to 
resynchronization by addressing the underlying issue of abnormal conduction.

 Anatomy and Physiology of the His Bundle

In the absence of conduction disturbance within the His-Purkinje system, earliest 
ventricular activation usually occurs at the left ventricular side of the mid-septum. 
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Excitation then spreads across the septum from left to right and from the apex toward 
the base, with the posterobasal area of the left ventricle usually being activated last 
[16]. This pattern of ventricular activation is critical toward generating optimal tor-
sional and compressive ventricular contraction. Even though biventricular pacing 
can engage myocardial segments in simultaneous contraction, it fails to restore lon-
gitudinal shortening of the septum, which is crucial to the ventricular twisting 
motion [17]. Hence, pacing the His bundle with re-engagement of latent fascicular 
tissue can potentiate reestablishment of optimal electromechanical coupling.

Anatomic and histologic studies by Tawara and colleagues [18, 19] in the early 
twentieth century provide the foundation for our understanding of the specialized 
conduction system of the heart. The bundle of His is a direct continuation of the AV 
node and penetrates the central fibrous body at the apex of the triangle of Koch. It 
continues undivided for approximately 11 mm (range 7–15 mm) [20] before the 
separation into anterior left bundle branch (LBB), posterior LBB, and right bundle 
branch (RBB) [21]. A recent study by Kawashima [22] elegantly demonstrates the 
topological relationship of the His bundle to the membranous part of the intraven-
tricular septum and its depth from the endocardium. They found three types of vari-
ation, with a superficial location of the His bundle in the majority of cases (68%, 
types I and III):

• Type I: 49/105 cases (Fig. 7.1a) – The His bundle is located under a thin layer of 
myocytes at the lower border of the membranous part of the interventricular 
septum.

a c

b d

Fig. 7.1 Adopted from Kawashima et al. [22]. Anatomic relationship of the atrioventricular bun-
dle to the membranous septum. (a) Thin layer of myocardium covers the bundle of His (46.7%). 
(b) The His bundle runs within the interventricular muscle (32.4%). (c) “Naked” His bundle – 
Asterisk denotes exposed His bundle prior to dissection. (d) “Naked” His bundle after dissection 
(21.0%)

7 His Bundle Pacing Versus Biventricular Pacing for CRT
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• Type II: 34/105 cases (Fig. 7.1b) – The His bundle runs within the interventricu-
lar muscle.

• Type III: 22/105 cases (Fig. 7.1c, d) – The His bundle was located immediately 
underneath the endocardium coursing directly across the membranous part of the 
interventricular septum (“naked His bundle”).

Ultrastructural examination of the bundle of His by James and Sherf [23] dem-
onstrated collagen-mediated longitudinal separation of Purkinje strands with gap 
junctions predominantly distributed end-to-end with less intercellular coupling 
present transversely. This discovery leads to the hypothesis that the His bundle is 
not just a loose interconnected conglomerate of Purkinje fibers that eventually sepa-
rates into the trifascicular conduction system, but rather that the individual bundle 
branches are functionally defined within the His bundle (Fig. 7.2).

Accordingly, on the bases of these anatomical observations, it was expected that 
bundle branch block might be a manifestation of disease in the His bundle, the latter 
causing longitudinal dissociation with favored conduction down one fascicle or 
bundle relative to another. This model was supported by findings like those of Onkar 
Narula, who in 1977 [24] published a report in which he demonstrated normaliza-
tion of the QRS in 25 out of 80 patients studied who had left bundle branch block. 
Furthermore, he noted that pacing the His bundle slightly more proximal to the site 
demonstrating normalization resulted in the baseline conduction defect, thereby 
supporting the longitudinal dissociation hypothesis.

 His Bundle Pacing

Scherlag and colleagues [25] were the first to demonstrate that physiologic ven-
tricular activation can be achieved by inserting fine Teflon-coated stainless steel 
wires into the proximal His bundle located within the atrioventricular septum in an 
in vivo canine model. In 1970 Narula [26] succeeded in transvenously pacing the 

AV Node Ant LBB

Post LBB

RBBTA

Fig. 7.2 Schematic 
of longitudinal separation 
of Purkinje strands. 
TA tricuspid annulus
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His bundle in humans and only a few years later reported on the differential effect 
of proximal vs. distal His bundle pacing in patient with left bundle branch block.

Engaging the bundle of His through pacing can manifest in two ways: (1) 
Selective His bundle capture refers to the sole recruitment of His-Purkinje fibers 
resulting in identical paced and intrinsic QRS morphology, QRS, and T-wave con-
cordance as well as similar Stim-V and H-V interval.2 (2) Nonselective His bundle 
capture on the other hand represents the fusion of His-Purkinje and adjacent local 
ventricular activation resulting in short Stim-V interval and altered QRS morphol-
ogy depending on output.

In 2000 Deshmukh et al. [27] described the first experience of permanent His bun-
dle pacing in patients with chronic atrial fibrillation, dilated cardiomyopathy with 
LVEF <40%, NYHA class III–IV, and normal QRS width. The authors were able to 
actively fix a standard pacing lead at the atrioventricular septum in 12 out of 18 patients. 
The lead (with the screw exposed and the aid of a hand-modified J-shaped stylet) was 
positioned near a hexapolar His mapping catheter and maneuvered to obtain the largest 
His potential possible. This initial study provided promising results: LVEF improved 
significantly from 18.2 ± 9.8% to 28.6 ± 11.2% (p < 0.05) over 8–35 months of follow-
up and 9 out of 11 patients had improved NYHA functional class. A follow-up study 
in 2004 [28] with 39/54 patients successfully undergoing HBP demonstrated improved 
LVEF as well as increased cardiopulmonary exercise capacity.

Stable positioning of the lead within the atrioventricular septum was challenging 
during the early experience using a 1.5 mm helical screw and a J-shaped stylet [27]; 
however in 2006 Zanon [29] reported a 92% success rate using a delivery system 
that includes a steerable sheath and a longer 1.8 mm helical screw. More recently, 
Sharma and colleagues [30] achieved HBP in 80% of patients utilizing a fixed- 
shaped double-curved sheath along with a 1.8 mm helical screw, but without an 
additional His mapping catheter. The His bundle can be approached on either the 
atrial or ventricular side of the tricuspid valve, as illustrated in Fig. 7.3. An autopsy 
report by Correa da Sa [31] provides macroscopic and microscopic evidence that 
the His bundle can be accessed from the atrial side of the tricuspid annulus (Fig. 7.4). 
A stepwise approach to implanting His bundle leads has been described elsewhere 
[32]. In spite of early concerns of lead failure with the His bundle pacing lead, sta-
bility has proven to be comparable to LV leads in terms of stability and threshold 
changes [29, 33, 34] and has been shown to exhibit similar dislodgment rates to RV 
pacing, albeit in centers with extensive experience with the procedure [30].

His bundle pacing as an alternative to biventricular pacing to implement resyn-
chronization in CRT-indicated patients was initially studied by Lustgarten et  al. 
[35], who demonstrated that eight out of ten consecutive patients acutely normal-
ized their QRS in response to a temporarily actively fixed pacing lead, suggesting 
that His-CRT could be feasible. Subsequently, a direct crossover comparison of BiV 
and His bundle pacing was published [36] to explore whether or not a clinical 
response could be demonstrated. After a 6-month follow-up with each pacing 
modality, similar improvements with BiV and His bundle pacing were noted with a 

2 Selective His bundle capture is only identical to intrinsic conduction if bundle branch disease is 
absent at baseline. Underlying bundle branch block can normalize with His bundle pacing.
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trend toward improved EF, quality of life, 6-min walk test, and a significant improve-
ment in NYHA functional class (2.9 at baseline and 1.9 for both HBP and BiV pac-
ing). Since this report there have been prospective observational studies of His-CRT 
demonstrating clinical responses with higher proportions of super-response relative 
to previously published BiV-CRT studies. Prospective randomized comparisons are 
now needed to examine outcome differences between these two modalities, but with 
current published series, it is reasonable to consider His bundle pacing for BiV 
nonresponders or patients in whom LV lead placement failed (as illustrated in the 
cases below). Based on recent data from Sharma and colleagues [37], His bundle 
pacing should also be considered in patients with heart failure and RBBB – in a 
series of 39 patients, HBP had a positive effect on LVEF (increase from 31 ± 10% to 
39 ± 13%, p = 0.004) along with improvement in NYHA functional class.

The following cases are examples of CRT-indicated patients in whom for differ-
ent reasons biventricular pacing failed as a treatment option:

Fig. 7.3 Schematic 
of atrial and ventricular 
approach to His 
bundle pacing

a b c

Fig. 7.4 Adopted from Correa de Sa et al. [31]. (a) His bundle pacing lead is implanted on the 
atrial side of the tricuspid annulus. (b) Transillumination of the membranous septum following 
formalin fixation, showing location of the His bundle lead at the superior aspect of the membra-
nous septum. (c) His bundle lead insertion site 9 mm above the tricuspid valve leaflet

N. Habel and D. L. Lustgarten
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 Case I

A 59-year-old male with ischemic cardiomyopathy and left bundle branch block, 
who recently underwent coronary artery bypass grafting, had persistently reduced 
LVEF of 25–30% at the 4-month postsurgical follow-up and hence was referred for 
CRT-D. LV lead placement was attempted via the coronary sinus. The patient had a 
single lateral vein, which was tortuous and acutely angled, and multiple cannulation 
attempts failed. An octapolar mapping catheter was advanced via a separate axillary 
sheath and pacing at a mapped His site normalized the QRS pattern intermittently. 
A His lead was implanted adjacent to the bipolar electrode pair on the mapping 
catheter where the His electrogram was being visualized. His capture (Fig. 7.5) re- 
engages the left bundle (note QRS morphology change) and results in significant 
shortening of “Stim to end of QRS” (first beat) as compared to “His to end of QRS” 
with native conduction (second beat), and as can be noted on the second beat, a His 
potential demonstrating injury current is evident on the His bundle pacing lead. The 
patient’s LVEF immediately increased to 40% post-procedurally and further 
improved to 45–50% at 5 months of follow-up.

I

II

III
aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

HBP lead

134 ms 220 ms

Fig. 7.5 His bundle pacing with selective capture (first beat) as evident by isoelectric baseline 
between Stim and QRS onset. Compared to native conduction with LBBB (second beat), His cap-
ture results in narrowing of QRS and morphology change by activating the left bundle distal to the 
site of disease
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A His potential can be recorded at multiple sites along the membranous septum – 
suitability for pacing of a given site is determined by His to atrial amplitude and 
capture threshold (Fig. 7.6).

Figure 7.7 shows transition from selective to nonselective His bundle capture as 
the output is decreased from 2 V to 1.9 V at 1 ms. While nonselective capture has 
the benefit of ventricular capture as a safety factor should conduction disease prog-
ress distally or should AV node ablation without the use of a ventricular backup lead 
be planned, in some instances it can result in QRS widening and interventricular 
dyssynchrony.

0.293 mV

Site I: Capture Threshold 11mV @ 1ms Site II: Capture Threshold 2mV @ 1ms

DHBP lead

14 ms

0.264 mV
DHBP lead

30 ms

Fig. 7.6 Site 1 (proximal) – His potential, but high capture threshold (11 mV @ 1 ms). Site 2 
(distal) – His potential with injury current, capture threshold at 2 mV @ 1 ms

I
02

II

III
aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

144 ms
96 ms

48 ms
150 ms

Fig. 7.7 Output-dependent His bundle capture. First beat (2 V @ 1 ms): Selective HBP with nar-
row QRS and isoelectric baseline between Stim and onset of QRS. Second beat (1.9 V @ 1 ms): 
Nonselective HBP with pseudo-delta wave due to capture of local ventricular myocardium as well 
as His capture
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 Case II

An 81-year-old male with ischemic cardiomyopathy (LVEF 30% and LBBB) under-
went CRT-D with a quadripolar LV lead. Unfortunately, he had intermittent dia-
phragmatic stimulation prompting device reprogramming which required higher 
battery use. The patient was referred for LV lead revision, but repositioning proved 
to be difficult and the decision was made to place a His bundle pacing lead instead. 
The His bundle was mapped (Fig. 7.8) and paced proximally, resulting in nonselec-
tive His capture only (Fig. 7.9). A slightly more anterior location resulted in left 
bundle conduction with marked QRS narrowing (Fig.  7.10). The patient’s func-
tional capacity improved from class III to class I at 3 months of follow-up.

I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

252 ms

62 ms

102 ms

HBP lead

194 ms

Fig. 7.8 Intrinsic 
conduction – QRS of 
252 ms with LBBB
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 Future Directions

Ventricular resynchronization by engaging intact His-Purkinje fibers is conceptu-
ally superior to biventricular pacing, and outcomes data from multicenter experi-
ences [38] are promising. However, randomized controlled trials are needed to 
compare efficacy of His bundle pacing vs. biventricular pacing, and until the publi-
cation of such data are available, His-CRT remains an option for patients who have 
for one reason or another failed the BiV-CRT option.

Procedural outcomes reported by Sharma et al. [30] illustrate a common trend 
with His bundle pacing: higher pacing thresholds with HBP (1.35 ± 0.9 V at the time 
of implantation and 1.50 ± 0.8 V at 2-year follow-up, 0.5 ms pulse width) as com-
pared to RV pacing (0.62 ± 0.5 V at implantation and 0.80 ± 0.4 V at 2 years, 0.5 ms 
pulse width). In general, studies show stable long-term electrical performance of the 
His bundle lead; however in some cases, early device replacement has been required 
owing to high pacing output [34]. It is therefore important that further technical 
refinements in electrode design are pursued in order to achieve low stimulation 
thresholds. Optimizing tip electrode geometry is an important step toward that goal: 
a small electrode radius facilitates high impedance at the electrode-tissue interface 
(i.e., high current density), while porous or fractal coating increases the electrode’s 
surface area, thereby minimizing polarization [39, 40]. Beyond refining lead design, 
enhancing sheath delivery systems and battery longevity are important components 
to improve care for patients requiring CRT.
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Chapter 8
Replacement of Implantable  
Cardioverter- Defibrillators When 
Ventricular Function Has Recovered

Selcuk Adabag, Vidhu Anand, and Alejandra Gutierrez

 Case Presentation

A 68-year-old man with a single-chamber implantable cardioverter-defibrillator 
(ICD) presented because his ICD was nearing the end of battery life. The ICD was 
implanted 6 years ago for primary prevention of sudden cardiac death (SCD). He 
has not had any appropriate ICD shocks. His left ventricular ejection fraction (EF), 
which was 30% at the time of ICD implantation, has improved to 45% since then. Is 
the ICD generator replacement justified?

 ICD Generator Replacement Statistics

Approximately 30,000 ICD generator replacement procedures are performed in the 
United States annually for end of battery life, constituting 28% of all ICD proce-
dures [1–3]. The most common reason for ICD generator replacement is the device 
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reaching elective replacement indicator (ERI), an alert displayed by the ICD indi-
cating that the battery may reach end of life in the next 3–6 months. It is recom-
mended to replace the ICD generator within 3 months of reaching ERI. Other, less 
common reasons for replacing ICD generator are infection, upgrade to cardiac 
resynchronization therapy (CRT), lead or generator malfunction, and advisory 
recalls for increased risk of failure of ICD components [2–4].

Approximately, 65–70% of primary prevention ICD recipients remain free of 
appropriate ICD therapy during the lifetime of their initial ICD generator [2, 5, 6]. 
While it is common practice to routinely replace ICDs that reach ERI, a number of 
factors may limit the potential benefit of ICD after generator replacement. Patients 
presenting for ICD generator replacement tend to be older and have more comor-
bidities than those having initial ICD implant, increasing their competing risk of 
death from non-cardiovascular causes [1, 5, 7]. In a propensity-matched analysis of 
the National Cardiovascular Data Registry, survival after ICD replacement was 
worse compared to initial implant, regardless of device type [2].

Furthermore, ICD generator replacement procedure may be associated with signifi-
cant complications such as infection, hematoma, or lead damage, which may result in 
increased morbidity and mortality [2, 8–10]. Indeed, patients presenting for an ICD 
generator replacement due to ERI have a periprocedural major complication rate of 
4–6% [1, 5, 8, 9, 11]. Those who have a concomitant lead replacement have a 6-month 
complication rate of up to 15% [9]. The highest risk is associated with the need to 
replace a left ventricular lead with complication rates ranging from 9% to 50% [9].

The risk of mortality after ICD generator replacement is close to 10% at 1 year 
and up to 50% at 5 years [5, 7, 12–14]. Factors associated with higher mortality 
include increased age, atrial fibrillation, heart failure, worsened ejection fraction, 
chronic lung disease, diabetes, renal dysfunction, and history of stroke [1, 15]. 
Excessive long-term mortality in these cases is a testament to the higher-risk status 
of these patients rather than the risks of the ICD generator replacement procedure.

Implantable cardioverter-defibrillator generator replacement procedures also 
have a significant economic burden to the US healthcare system [16, 17]. The 
approximate cost of a single-chamber ICD replacement was around $18,000  in 
2005 but increased to nearly $23,000 by 2013 [7, 18]. Thus, roughly $700 million 
is spent for ICD generator replacement in the USA each year.

While there is a close audit of indications at initial ICD implantation, routine 
reassessment of ICD indications is not mandated when these patients present for 
ICD generator replacement [6]. Identifying the patients who are least likely to ben-
efit from continued ICD therapy may significantly reduce medical expenses by 
avoiding unnecessary ICD generator replacement.

 Frequency of EF Improvement in Patients with ICD

Left ventricular EF is the cornerstone of the criteria used in the decision process to 
recommend or decline ICD implantation for primary prevention of SCD [19]. 
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Professional society practice guideline statements recommend ICD implantation in 
patients with EF ≤35% and mild to moderate heart failure symptoms while taking 
optimal medical therapy [20–22]. The EF cut-off is based on randomized controlled 
trials, in which patients assigned to ICD and medical therapy were more likely to 
survive compared to those assigned to medical therapy alone. However, patients 
presenting for ICD generator replacement have a left ventricular EF that is, on aver-
age, 4–5% higher than it had been at the time of the initial ICD implantation [1, 5]. 
As such, 25–40% of the patients who receive an ICD for primary prevention of SCD 
experience an improvement in their EF to the extent that they are no longer eligible 
for ICD therapy when they present for generator replacement. The proportion of 
patients with EF improvement has been consistent in cohorts that include ICD alone 
and those that also include CRT [14, 23].

Patients who experience an improvement in EF are younger, more likely to be 
women, more likely to be taking heart failure medications, and, most notably, more 
likely to have nonischemic cardiomyopathy [14, 23]. They also have less comorbid-
ity, smaller left ventricular volume, and lower body mass index [24, 25]. 
Cardiomyopathy due to reversible causes such as tachycardia, myocarditis, preg-
nancy, hyperthyroidism, stress, pacing, or alcohol is more likely to improve after the 
offending etiology is treated or eliminated. Thus, 50% of the individuals with non-
ischemic cardiomyopathy assigned to ICD in the DEFINITE (Defibrillators in 
Nonischemic Cardiomyopathy Treatment Evaluation) trial experienced a significant 
(>5% absolute) improvement in EF [13]. In comparison, 20–25% of the patients 
with ischemic cardiomyopathy experience improvement in EF [26, 27]. Medical 
therapies and revascularization have been associated with improvement in EF in 
ischemic cardiomyopathy [28–33]. In addition to the factors associated with a 
higher likelihood of EF improvement, patients with a baseline EF in the range of 
30–35% at the time of ICD implantation are more likely to be ineligible for ICD at 
the time of battery depletion [7, 26]. These data show that EF improvement is com-
mon after ICD implantation and 25–40% of the patients who qualified for ICD on 
the basis of a low EF will no longer be eligible for ICD implantation by the time 
they present for generator replacement.

 Appropriate ICD Therapy After EF Improvement

With improvement in EF, the incidence of appropriate ICD therapy is reduced but 
not completely eliminated (Table 8.1) [5, 7, 12–14, 26, 34–41]. In recent cohort 
studies, improvement in EF was associated with a 70% reduction in the risk of 
appropriate ICD therapy, which ranged from 2.8% to 5% per year (Fig. 8.1) [5, 7, 
14]. Conversely, two earlier studies had found a similar incidence of appropriate 
ICD shock among patients with improved or unchanged EF [13, 26]. The reason for 
the dissimilar results in these studies may have been aggressive ICD programming 
parameters, which have evolved over the years to reduce shocks delivered for 
arrhythmias that are likely to terminate spontaneously [42].

8 Replacement of Implantable Cardioverter-Defibrillators When Ventricular Function…
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Absence of appropriate ICD therapy before generator replacement is not a suf-
ficient reassurance for not having future ICD therapies. Approximately, 20% of 
patients who had an improvement in EF and no prior appropriate ICD therapies 
experience their first appropriate ICD therapy after generator replacement [26]. In a 
cohort study of such patients, the incidence of ICD therapy was 5% per year [5].

Patients with normalized EF constitute a special subgroup of EF improvement. 
These patients either have a reversible cardiomyopathy or can be classified as super 
responders to CRT. Super responders to CRT have a similar mortality risk to the 
general population [12, 40, 43]. Although the risk of appropriate ICD shocks 
decreases markedly in patients with normalized EF, a small risk remains. In a pro-
spective cohort study by Zhang et al., only 1 of the 35 patients with normalized EF 
had an appropriate ICD shock during follow-up (1.7 shock/100 person-years) [14]. 
On the other hand, none of the 18 patients with EF >55% after CRT in a series by 
Manfredi et al. had appropriate ICD therapy [12].

Patients with CRT are more likely to experience improvement and normalization 
of LVEF compared to patients with ICD [14]. However, the association between 
changes in left ventricular EF and ICD therapy appears to be similar in ICD and 
CRT, suggesting that the improvement in EF itself, but not the means that caused the 
improvement, is responsible from the favorable results [14].

Collectively, these data show that 20–30% of patients with EF improvement are 
at risk of receiving appropriate ICD shock/therapy, but the risk appears to be lower 

A
pp

ro
pr

ia
te

 IC
D

 th
er

ap
y 

(%
)

0
0 1 2

Years

P<0.001

No. at Risk
EF >35

EF ≤35

EF >35

EF ≤35

71

172

52

116

45

84

31

63

24

44

19

30

11

19

6

5

3

3

7 8

20

40

60

80

5 643

Fig. 8.1 Cumulative incidence of appropriate ICD therapy after generator replacement among 
patients with or without EF improvement. (Adopted with permission from Madhavan et al. [5])
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as the EF approaches normal range. The persisting risk of arrhythmias, observed in 
some patients despite improvement in EF, may be partly explained by the presence 
of a fixed substrate for ventricular arrhythmias (e.g., fibrosis, myocardial scar, het-
erogeneous repolarization) that does not resolve even when EF improves [14, 44–
49]. However, the other factors associated with a persisting risk of SCD in patients 
with improved EF are presently unknown.

 Do ICDs Reduce Mortality After Improvement of EF?

Left ventricular EF is a major determinant of arrhythmic and non-arrhythmic mor-
tality [50]. Thus, it should come as no surprise that improvement in EF among 
patients with ICD is associated with improved survival in comparison with 
unchanged EF in the great majority of the cohort studies to date (Table  8.1). 
However, because of a lack of a control group without ICD, these cohort studies 
cannot determine whether ICD improves the likelihood of survival in patients with 
an improvement in EF. In the absence of prospective randomized controlled trials, 
we assessed the efficacy of ICD in prolonging survival among patients with 
improved EF in a secondary analysis of the Sudden Cardiac Death in Heart Failure 
Trial (SCD-HeFT) [41]. The SCD-HeFT was a randomized controlled trial of 
ICD, amiodarone, or placebo among 2511 patients with heart failure symptoms 
and EF ≤35% due to ischemic or nonischemic cardiomyopathy [51]. After a 
median 45.5 months of follow-up, the patients assigned to ICD had a lower likeli-
hood of mortality than those assigned to placebo or amiodarone (22%, 29%, and 
28%, respectively), resulting in a 23% reduction in the relative risk and a 7.2% 
reduction in the absolute risk of mortality in comparison with the placebo group. 
While not mandated by the study protocol, nearly 75% of the patients in SCD-
HeFT had a repeated assessment of EF 1 year after enrollment. Of these, 30% 
assigned to ICD or placebo showed a significant improvement in EF where the 
mean EF increased from 27% to 45%. During a median follow-up of 30 months 
after the repeated EF measurement, all-cause mortality rate was lower in the ICD 
vs. placebo groups both in patients whose EF improved to levels >35% (2.6% vs. 
4.5% per 100-person-year follow-up, respectively) and in those whose EF 
remained ≤35% (7.7% vs. 10.7% per 100-person-year follow-up, respectively) 
(Fig. 8.2). Compared with placebo, the adjusted hazard ratio for the effect of ICD 
on mortality was 0.64 (95% CI, 0.48–0.85) in patients with repeated EF ≤35% and 
0.62 (95% CI, 0.29–1.30) in those with a repeated EF >35% (Table 8.2). There 
was no interaction between treatment assignment and repeated EF for predicting 
mortality, suggesting that the efficacy of ICD was similar in patients with improved 
or unchanged EF.  Cumulatively, these results suggest that mortality is lower 
among patients with improved EF, but ICD remains effective in reducing all-cause 
mortality among these patients.
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Fig. 8.2 Incidence rate of all-cause mortality of patients assigned to ICD vs. placebo. Adjusted 
hazard ratios of all-cause mortality in the ICD vs the placebo groups were 0.64 (95% CI, 0.48–
0.85) in patients with a repeated ejection fraction (EF) ≤35% and 0.62 (95% CI, 0.29–1.30) in 
those with an EF >35%. (Adopted with permission from Adabag et al. [41])

No.

EF Group Patients Deaths
100 Follow-up
Person-years

Incidence Rate Mortality per 100
Person-year Follow-up (95% CI)

All-Cause Mortality

EF ≤35%

EF > 35%

EF > 35%

EF ≤ 35%

ICD

ICD

ICD

ICD

SCD

Placebo

Placebo

Placebo

Placebo

438

464

438

464

186

185

186

185

89 11.5 7.7 (6.3-9.5)

2.6 (1.5-4.6)

4.5 (3.0-6.8)

1.2 (0.7-2.0)

3.9 (2.9-5.2)

0.6 (0.2-2.0)

0.8 (0.3-2.2)

10.7 (8.9-12.7)11.7

11.5

11.7

4.6

4.9

4.6

4.9

12

22

14

46

3

4

125

Abbreviations: EF, ejection fraction;
ICD, implantable cardioverter
defibrillator; SCD, sudden cardiac
death.

Table 8.2 Incidence rates of all-cause mortality and SCD in the ICD and control groups in each 
EF category
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 Proposed Algorithm

Patients who present for ICD generator replacement should be reevaluated for the 
appropriateness of continued ICD therapy (Fig.  8.3). The evaluation should first 
exclude any potential contraindications, such as advanced malignancy, that may 
have developed since the initial implant. A repeat echocardiogram to assess left 
ventricular function is prudent, if one has not been performed since the initial ICD 
implantation. A frank discussion to learn the patient’s values and wishes about 
continued ICD therapy is of utmost importance to help guide the decision and to 
clarify potential misconceptions.

Patient referred for ICD
generator replacement

ICD implanted for
secondary prevention

Replace

History of appropriate
ICD therapy

ICD implanted for
channelopathies/inheritable

cardiovascular diseases

Repeated EF £ 35%

Myocardial scar or
infiltrative diseases

Inclined to replace Inclined to NOT replace

Non-ischemic
cardiomyopathy

EF > 55% Competing risks

Advanced age, severe
comorbidities, frailty,
disability, cognitive

dysfunction

Discuss goals of care,
inclined to NOT replace

NO YES

NO ReplaceYES

NO YES Replace

Inclined to NOT replace

YES ReplaceNO

Fig. 8.3 Recommended algorithm for patients who present for ICD generator replacement
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We recommend replacement of the generator if the original indication for ICD 
was secondary prevention of SCD. The risk of appropriate ICD therapy is higher 
(10%/year versus 5%/year) if the ICD was implanted for secondary prevention of 
SCD [52].

We also recommend generator replacement if there was an appropriate ICD ther-
apy (shock or antitachycardia pacing) during the lifetime of the initial device. In 
addition to the host factors such as the rate and frequency of the ventricular tachy-
cardia/ventricular fibrillation, the likelihood of appropriate ICD shocks also depends 
on the programmed tachycardia therapy parameters with a rise in the likelihood 
with more aggressive programming schemes. Indeed, it has been well documented 
that some ICD shocks for ventricular tachycardia/ventricular fibrillation are deliv-
ered prematurely for arrhythmias that would have terminated anyway. While we 
support utilization of newer ICD programming schemes to prevent inappropriate 
and appropriate—but unnecessary—shocks, we also recommend replacing the ICD 
generator in patients with prior appropriate ICD shock because of the increased risk 
of future shocks in these patients.

We also recommend generator replacement in patients with channelopathies/
inheritable arrhythmogenic syndromes due to the continuation of risk. Similarly, 
patients whose EF remains ≤35% continue to be at SCD risk and should undergo 
generator replacement.

On the other hand, some patients who are no longer eligible for ICD due to 
improvement in EF deserve a fair discussion of whether the SCD risk warrants con-
tinuation of ICD therapy. Patients with nonischemic cardiomyopathy have a lower 
risk of SCD and may not benefit from ongoing ICD therapy if EF has improved [53, 
54]. Patients with normalized EF (>55%) may also not benefit from continued ICD 
therapy [12, 14, 40, 43]. On the other hand, patients with a prior myocardial scar 
may continue to benefit from ICD even if their EF is better [49].

Older patients who have developed competing risks of death due to new comor-
bidities (e.g., renal failure) or those with frailty, disability, or cognitive dysfunction 
should have an opportunity to reevaluate continued ICD therapy with an extensive 
discussion of goals of care [55, 56]. In cases with difficulty in assessing risk addi-
tional markers such as inducibility of ventricular tachycardia, or magnetic reso-
nance imaging to identify and quantify fibrosis may be useful [5, 57].

 Management of Unreplaced ICDs

There is very limited data on whether or not to explant the ICD that has reached ERI 
and does not need replacement. Some device manufacturers recommend explanting 
the ICD to avoid any potential harm from erratic device behavior. The rationale for 
this recommendation comes from the concern that as the battery continues to 
deplete, the performance of the transistors (electrical switches) within the ICD may 
become unpredictable due to the lack of current supplied to these components, 
which control a number of functions including sensing, pacing, and shock delivery. 
However, other manufacturers note that at battery depletion, the ICD will revert to 
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storage mode in which no functionality is present. Thus, although no data are avail-
able, it is very unlikely for an ICD at the end of life to be able to generate enough 
power to deliver a shock. Indeed, in our limited experience, patients prefer leaving 
the device in order to avoid the burden and stress of the explant procedure. In two 
anecdotal cases, we have left the device without any negative clinical 
consequences.

However, patients with CRT defibrillator constitute a special situation. Even if 
the decision is made not to replace a CRT defibrillator, the device, in most instances, 
should be replaced with a CRT pacemaker to continue synchronization of the left 
ventricle, particularly if the patient is a “responder” to CRT.  Similarly, among 
patients with a pacing indication who do not wish continued ICD therapy, the ICD 
should be replaced with a pacemaker [58, 59].
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Chapter 9
Use of Implantable Monitors 
for Arrhythmia Detection

Jakub Tomala and Christopher Piorkowski

 Introduction

Ambulatory ECG monitoring permits evaluation of transient cardiac electrical phe-
nomena of brief duration over variable period of time. The initial recommendation 
included only two major indications: unexplained syncope, near syncope, or epi-
sodic dizziness and unexplained recurrent palpitations [1]. The indication spectrum 
of ambulatory ECG expanded vastly ever since.

The collected electrocardiographic data must be correlated to simultaneous 
occurrence of clinical symptoms. The recordings without this correlation are 
unlikely to establish their causative relationship. Only a minority of the patients 
(2–15%) will have an associated causal arrhythmia detected on a 24-h ECG moni-
toring [2]. Extending the time of recording significantly increases the likelihood of 
making the correct diagnosis [3, 4]. Consequently, the clinical need for prolonged 
ECG monitoring arose.

Implantable loop recorders (ILRs) are subcutaneous devices designed for ECG 
monitoring over a recording period of several years. This way, ILR can be very 
effective in finding a diagnosis in patients with very infrequent or asymptomatic 
episodes. Since their introduction in the 1990s [5], ILRs have played an increasing 
clinical role in the detection of cardiac arrhythmias.

The latest development regarding the device miniaturization as well as proprie-
tary arrhythmia detection algorithms allowed this technology to be currently used in 
various clinical scenarios. Some of these are already reflected in recent national and 
international guidelines. Other newer indications for the continuous rhythm moni-
toring are still under evaluation and need to show an additional clinical benefit.
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 Evolution of Technology

Since their clinical introduction, ILRs have undergone an extensive process of tech-
nological development. Initially designed to store ECG recordings for temporal cor-
relation between clinical symptoms and the actual cardiac rhythm, ILRs have been 
later equipped with automatic algorithms in order to monitor occurrence and burden 
of cardiac arrhythmias independently from the symptoms. The Reveal XT was the 
first representative of this ILR generation, designed for automatic detection of atrial 
fibrillation (AF) [6]. Limited detection performance with a high amount of false- 
positive episodes resulted in overall positive predictive values of about 30% for all 
automatically recorded AF episodes [7] with little clinical use.

It was only recently that developments of the latest ILR generation (Reveal 
LINQ) have improved automatic AF detection algorithms to a nearly 100% sensitiv-
ity and positive predictive values close to 90% [8]. This was a crucial step for auto-
mated arrhythmia assessment and related advances in clinical patient management 
in the upcoming years.

Furthermore, ILRs have been miniaturized to a level when they can be subcuta-
neously injected rather than surgically implanted.

ILRs are nowadays equipped with remote monitoring functionalities accessible 
through large telemedicine network coverage.

 Established Fields of Indications

 Palpitations

ILR readily detects arrhythmias associated with palpitations. However, upon exclu-
sion of structural heart disease, such arrhythmias only seldom confer malignant 
prognosis [9, 10]. Thus the diagnostic process in this setting is primarily driven by 
patient symptoms. The more frequent the symptoms get, the higher is the probability 
of detecting the causative arrhythmia with other means of ambulatory ECG monitor-
ing (Holter monitor or event monitor). It has been shown that patients with recurrent 
palpitations benefit from an electrophysiology study without having to record the 
actual clinical tachycardia [11]. Albeit ILRs have proven to be effective [12], their 
role in this patient collective appears limited to those with inconclusive initial diag-
nostic workup and persistent symptoms. In such cases the differentiation between 
cardiac and noncardiac etiology can help reduce otherwise frequent unscheduled 
visits to the emergency department [13] and potentially improve the quality of life.

 Syncope

Patients presenting with syncope exhibit a wide spectrum of underlying etiologies. 
Based on the known prognostic implications, the identification of those with cardiac 
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syncope remains crucial [14]. The widely used tilt testing has a low diagnostic yield 
in patients with likely vasovagal syncope as well as it lacks the desired negative 
predictive value [15, 16]. Therefore, the role of prolonged ECG monitoring became 
even more emphasized. There is compelling evidence that ILRs significantly 
increase the diagnostic rate in unselected syncopal patients and allow an ECG- 
directed treatment with reduction in syncopal events and improved quality of life 
[17]. This has been further highlighted in various clinically challenging subpopula-
tions, such as patients with negative workup and bundle branch block, older patients, 
and patients with unexplained falls [18–20]. Besides the identification of the culprit 
arrhythmia in cardiac syncope, there are potential benefits for patients with reflex 
syncope. Although pacing in reflex syncope remains a controversial strategy, ILRs 
could prove useful in determining whether the patients with suspected cardioinhibi-
tory response would benefit from a pacemaker [21]. In certain cases, the scope of 
diagnostic use of ILR even exceeds cardiac arrhythmias. Monitoring with ILR 
showed a high rate of misdiagnosis of epilepsy [22]. This finding advocates the use 
of prolonged ECG monitoring in patients with unsatisfactory response to therapy 
with anticonvulsant medication. Additionally, a number of patients with generalized 
tonic-clonic seizures had a specific myopotential pattern recognized on the ECG 
tracings [23]. There is sufficient evidence that ILR should be employed early in the 
diagnostic process of syncopal patients leading to reduced recurrence rate and 
improved quality of life [24, 25] and could help reduce the overall costs [26]. The 
role of remote monitoring and necessary length of the monitoring in this setting is 
still a matter of discussion. However, there is data showing that cumulative diagnos-
tic rates continue to increase up to 4 years after the implantation [27].

 Evolving Fields of Indications

 Atrial Fibrillation

AF monitoring is a new and evolving field of ILR usage. ILR-based AF detection is 
primarily derived from the characteristic incoherence in the RR intervals over a 
certain period of time. Though implantable devices with atrial leads are considered 
as the gold standard for continuous long-term AF detection [28], ILRs have been 
shown to have a high sensitivity (>98%) [6] and excellent positive predictive value 
[8] in detecting AF episodes. The diagnosis of AF encompasses diverse patient 
groups requiring different therapeutic approaches.

 Clinical Management

Clinical AF management centers around two fundamental pillars. One relates to the 
decision for rhythm or rate control. The other deals with the indication for oral anti-
coagulants (OAC).
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In patients with a pure rate control strategy is any sophisticated monitoring tool 
less likely to be needed. The 24-h ECG Holter is an effective measure to ascertain 
the ventricular response rate during active and rest periods of the day. That changes 
in patients in whom rhythm control becomes the treatment of choice. AF pattern, AF 
burden, and the presence of other coexisting brady- or tachyarrhythmias influence 
the overall clinical management. The indications for catheter ablation, further car-
diac device therapy, antiarrhythmic medication, assessment of their efficacy, and 
side effects control are likely to be affected by ILR monitoring. In that respect 
comes the patient with AF and heart failure into the center of attention. The AF 
burden that drives patients into heart failure may become an important parameter for 
clinical decision-making. In addition, continuous ILR monitoring provides the abil-
ity of ventricular arrhythmia detection and stratification of the sudden cardiac death 
(SCD) risk of this specific patient cohort. In a trial of hypertensive patients with 
signs of left ventricular hypertrophy, even a new-onset AF itself showed to be a 
significant predictor of SCD [29].

Regarding the indications for OAC in current medical practice, ECG monitoring 
seems to be of lesser relevance. They are primarily based on estimated stroke risk 
derived from several clinical risk factors, as presented in the CHADS2 and CHA2DS2- 
VASc score. However, these composite risk scores have been derived from cohorts 
predominantly made up of patients suffering from persistent or permanent AF [30, 
31]. It remains debatable whether patients with paroxysmal AF and a much lower 
AF burden suffer from the same stroke risk. This question can only be addressed 
with help of continuous monitoring data from devices such as ILR. Subsequently, 
continuous monitoring may have a role in decision-making on OAC in clinical 
routine.

 Post-ablation Monitoring

The quality of monitoring after catheter ablation of AF is an everlasting topic. Post- 
ablation outcome assessment is challenged by (i) asymptomatic recurrences, (ii) 
short episodes, (iii) various follow-up duration due to re-ablation timing, and (iv) 
individual healing duration and post-ablation recurrence patterns [32]. Success rates 
of AF ablation remain controversial, since many previous studies are based on 
symptom-reporting and intermittent ECG monitoring, which underestimate the 
actual recurrence rates. From a clinical perspective, it is essential to rely upon 
appropriate detection of AF to make decisions concerning antiarrhythmic therapy. 
Moreover, reliable diagnosis of AF is scientifically warranted when evaluating new 
therapeutic approaches. Therefore, ILRs are being increasingly used in patients who 
underwent catheter ablation of AF.  Distinct post-ablation rhythm profiles with 
potential links to pathophysiology and arrhythmia mechanism have been described 
in a recent registry [8]. The assessment of AF burden and detection of prolonged 
healing phases could unfold the potential of ILRs in individualized patient care.

Besides arrhythmia control, the role of ILRs also extends into the topic of 
OAC. In a number of retrospective registries, low rates of stroke were generally 
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observed in patients after catheter ablation [33, 34]. As randomized trial data is 
still lacking, it is unclear if a successful catheter ablation reduces the risk of 
stroke and hence justifies discontinuation of OAC in selected patients. An ongo-
ing trial has been designed to investigate the option of recurrence-guided inter-
mittent OAC based on ILR recordings in patients with moderate risk of 
thromboembolism [35]. In spite of this appealing strategy, the stroke risk in AF 
patients is not only linked to the presence or absence of AF as cases of thrombo-
embolic stroke in recurrence-free patients have been described. Therefore, a more 
complex and individualized approach combining detection of AF together with 
additional, nonconventional risk factors such as atrial transport function may 
prove helpful in tackling this challenge. Other potential indications for post-inter-
ventional continuous rhythm monitoring include patients after ablation of typical 
atrial flutter, patients after surgical ablation procedures, and possibly patients 
after other cardiac surgery.

 Cryptogenic Stroke

AF detection in patients with cryptogenic stroke could become the first clinical 
scenario in which the use of ILR shows outcome-relevant scientific evidence of 
superiority over standard intermittent Holter monitoring. After a follow-up of 
3 years, the AF detection rate with ILR reached 30%. ILR was able to detect ten 
times more patients with mostly asymptomatic AF as compared to intermittent 
Holter recording [36, 37]. All of these patients have already experienced one of the 
most debilitating complications of AF – a stroke. The immediate clinical conse-
quence of the diagnosis, initiation of OAC, is expected to significantly reduce the 
rate of recurrent thromboembolism.

The strategy of initiating OAC in patients with cryptogenic stroke by default, i.e., 
without the confirmed diagnosis of AF or an identified cardioembolic source, has 
been explored in a respective trial. However, this attempt to avoid continuous ECG 
monitoring failed to demonstrate superiority over the standard treatment and was 
associated with a higher risk of bleeding [38]. This finding shifts the clinical focus 
back toward continuous ECG monitoring as a means to identify the patients who 
will benefit from OAC.

In the future, it will be desirable to monitor high-risk populations in order to pre-
vent strokes upfront. That would enhance the use of ILR as a diagnostic tool for both 
secondary and primary stroke prevention. The respective studies are ongoing [39].

 Risk Stratification and Sudden Cardiac Death

Cardiac arrhythmias exhibit a great variability not only in their symptoms but also 
in their prognostic value. These depend on the specific clinical presentation and the 
underlying condition. ILR demonstrated sufficient sensitivity to detect ventricular 
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tachycardia (VT) and ventricular fibrillation (VF) [40] and could prove useful in 
risk stratification of patients with, or predisposed to, malignant arrhythmias and 
SCD.

 Myocardial Infarction and Ischemic Heart Disease

Myocardial infarction (MI) confers a transient risk of SCD due to arrhythmias asso-
ciated with acute ischemia. In addition, there is a long-term risk of reentry tachycar-
dia at the borders of a ventricular scar. The occurrence of non-sustained ventricular 
tachycardia (NSVT) has been proposed as a potential risk factor for subsequent 
malignant tachyarrhythmias and SCD. So far, clinical trials using intermittent and 
continuous monitoring presented conflicting evidence on this topic [41–44]. 
Therefore, the concept of continuous rhythm monitoring with ILR in post-MI 
patients with LVEF >35% is being currently revisited. The BIOGUARD-MI study 
pairs ILR monitoring with standardized and early telemedicine-triggered clinical 
interventions [39].

 Cardiomyopathies

In contrast to ischemic cardiomyopathy, the mechanisms of arrhythmogenesis in 
nonischemic dilated cardiomyopathy (DCM) are more variable. The occurring ven-
tricular arrhythmias may be related to structural changes such as fibrosis and left 
ventricular dilation as well as to primary and secondary electrophysiological 
changes. Although current guidelines for primary prevention in patients with DCM 
rely on LVEF and functional class, these parameters are neither specific nor sensi-
tive enough to identify the patients with highest risk of SCD. Many SCDs occur in 
patients with LVEF >35% and many patients with LVEF<35% die of other causes 
[45]. Therefore, other predictors of adverse outcome have been proposed. Such pre-
dictors include microvolt T-wave alternans, signal-averaged-ECG, QRS duration, 
fragmented QRS, QRS-T angle, and NSVT [46]. Whether the employment of ILR 
in assessment of these parameters is of added value remains an interesting question 
to be addressed in the future.

Although the risk of SCD in hypertrophic cardiomyopathy remains relatively 
low [47], the occurrence of NSVT has been shown to be the most important factor 
in its prediction [48]. ILR has been already employed in monitoring of patients after 
the alcohol septal ablation [49], but its clinical role in overall risk stratification of 
SCD has yet to be established.

Infiltrative cardiomyopathies, such as amyloidosis, sarcoidosis, and Fabry dis-
ease, are well correlated with ventricular arrhythmias and SCD. The use of ILR in 
these patients showed that clinically relevant arrhythmias are often missed with 
intermittent ECG monitoring [50]. It has been further demonstrated that the harbin-
ger of terminal cardiac decompensation is often bradycardia [51].
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In patients with tachycardia-induced cardiomyopathy, the decline in LVEF 
develops slowly over time and appears reversible. However, repetitive tachycardia 
relapses cause rapid deterioration of systolic function and development of progres-
sive heart failure [52]. Understandably, continuous rhythm monitoring appears to be 
crucial in this setting. Trials designed to investigate specific risk factors, effects of 
rhythm restoration [53], as well as the impact of ILR monitoring on overall heart 
failure management [54] are ongoing.

 Inherited Arrhythmia Syndromes and Congenital Heart Disease

There is evidence that the use of ILR in patients with primary arrhythmia syndromes 
may be useful for therapy guidance. As the majority of symptoms represent benign 
rhythms, they play a role in reassuring patients and physicians that no further inter-
vention is required in some cases [55].

The evidence for monitoring with ILR in congenital heart disease is rather anec-
dotal. Nevertheless, given its purely diagnostic character and excellent safety pro-
file, ILR may represent a viable option for patients who do not qualify for the 
implantation of an ICD.

 ILR Versus Wearable Technologies

Apart from the recent evolution of ILRs, other methods of rhythm monitoring have 
undergone a substantial development as well. These are mostly based on surface 
ECG electrodes (patches and event monitors) or photoplethysmography (heart rate 
monitors, wristwatches). Although such devices compete with ILR as a screening 
tool for larger populations [56], it is questionable whether they can become a rele-
vant alternative in clinical patient management. Irrespective of their accuracy and 
detection algorithms, these wearables still provide only intermittent monitoring.
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Chapter 10
Ethical Conundra in CIED Therapy: 
Ethical Implantation, Ethical  
End-of-Life Care

Rachel Lampert

Implantable cardioverter-defibrillators save lives in multiple populations of 
patients at risk for life-threatening ventricular arrhythmias, as described in prior 
chapters. However, ICD shocks are painful, described by patients as “being 
kicked by a mule” or “putting a finger in a light socket” [1], decreasing quality 
of life [2]. For a patient who otherwise has many years of quality life left, sur-
vival from cardiac arrest may be worth the trade-off of painful shocks. However, 
for those with life-limiting illnesses, shocks may create pain without meaning-
fully increasing lifespan. For patients with a previously implanted ICD now 
nearing the end of life, ethical patient care demands ongoing discussions of 
goals of care and how the options of continuing shocking function versus deac-
tivation of the ICD may fit with current goals. Dying peacefully is valued by 
all – as described by relatives, peaceful death is an indicator of quality in pallia-
tive care [3].

For patients with apparent indications for ICD based on purely cardiac risk 
factors for sudden death [4, 5], ethical patient care demands holistic under-
standing of benefit of the ICD, as well as of patient goals and preferences. 
Implantation of an ICD in a patient with minimal chance of significant prolon-
gation of life not only exposes the patient to risks of the procedure but to painful 
shocks.
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 Ethical Implantation

 Benefit and Comorbidities

Indications for defibrillator implantation for primary prevention, based on landmark 
trials showing benefit in patients with decreased ejection fraction and congestive 
heart failure and/or myocardial infarction, are well-known, and recent guidelines 
have changed little since 2008 [4, 5]. However, perhaps less widely known is the 
first class III indication in the guidelines, “ICD therapy is not indicated for patients 
who do not have a reasonable expectation of survival with an acceptable functional 
status for at least 1 year, even if they meet ICD implantation criteria specified in the 
class I, IIa, and IIb recommendations above (Level of Evidence: C).”4 Palliative care 
experts are consulted not uncommonly regarding device activation in patients with 
recent implants [6], which has raised the question whether implanting electrophysi-
ologists may ignore medical severe comorbidities that might limit the benefit of 
ICDs [6]. However, in one reported series [7] of patients requesting deactivation, the 
three patients in whom malignancy had been diagnosed prior to device implant had 
all been given greater-than-one-year life expectancies by their oncologist. The AMA 
Code of Ethics requires that physicians not impose on patients therapies which may 
be medically futile [8]. However, medical futility may be difficult to determine. A 
“reasonable expectation of survival for more than one year,” a relatively “hard” 
endpoint, can already be difficult to predict in many cases; “reasonable expectation 
of survival with good functional status” even more difficult to define.

Two patient populations may require particular attention to comorbidities and 
expected functional status. To what extent ICDs benefit the elderly is an oft-raised 
question [9]. One editorialist has asked, “Is anyone too old for an implantable 
cardioverter- defibrillator” [10]? The median age in the landmark trials of ICD ben-
efit has been in the 60s. While randomized trial data in the elderly are lacking, and 
results of meta-analyses variable [11, 12], other data do suggest benefit in the 
elderly. For example, while survival after ICD implantation is shorter in the elderly 
(as in any population), rates of appropriate device therapies are similar [13]. Two 
observational studies have suggested benefit in elderly—in a propensity-matched 
analysis of ICD patients in the Medicare population, the adjusted hazard ratio for 
mortality with an ICD was 0.62 [14], and in an analysis of the Get With The 
Guidelines population, HR was 0.71 [15]. In a subanalysis of the MADIT II trial, 
the subset of patients over age 75 years had greater benefit than younger patients 
[16]. In general, ICDs are less likely to decrease quality of life in the elderly than in 
the young [17].

However, it is clear that comorbidities play a critical role in survival benefit in 
this population. While age has minimal impact on surgical morbidity and mortality 
for device implantation, comorbidity significantly worsens procedural and in- 
hospital outcomes [18, 19]. In an analysis combining data from the National 
Cardiovascular Data Registry (NCDR) ICD Registry with Medicare data, 10% of 
ICD recipients met criteria for frailty, and those with this geriatric condition had a 
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1-year mortality twice that of those without; frailty in combination with other 
comorbidities such as COPD or diabetes synergistically increased mortality [20]. 
As comorbidities increase, ICD benefit decreases, particularly in the elderly [21].

Patients suffering from dementia represent another group in whom ethical care 
requires particular attention. As medicine continues to advance and life is increas-
ingly prolonged, the number of patients going on to develop dementia is expected to 
increase from 35 million people worldwide currently to 115 million by 2050 [22]. 
One study combining data from the NCDR ICD Registry with Medicare data sug-
gests that 1% of patients receiving a de novo ICD may suffer from dementia [20]. 
How ICDs impact quality of life in patients with dementia is unknown. Shocks 
increase catecholamines even in patients under deep sedation [23], and patients with 
dementia express pain through facial expression and changes in behavior [22].

Decision-making around de novo ICD implantation for those in the continuum 
from mild cognitive impairment to dementia requires careful discussion of risks and 
benefits in the context of patient values and preferences. Using data from the NDCR 
ICD Registry combined with Medicare, Green et al. found that 1% of those receiv-
ing de novo ICDs had dementia. Mortality in these patients was 27% at 1 year, simi-
lar to that in patients with solid tumors [20]. Mortality after a diagnosis of dementia 
in the general population is high, with an estimated median survival after onset of 
dementia of 1.3 [24] to 3.3 years [25], similar to that of more commonly recognized 
end-of-life conditions as metastatic breast cancer and stage IV congestive heart fail-
ure. Guidelines recommend against ICDs for patients in whom good functional sta-
tus at 1 year is not expected [4], and many patients with advanced dementia will fall 
in that group. For individuals less severely impacted by dementia, shared decision- 
making around ICD implantation is crucial [26]. Ensuring that patients and families 
understand the risk of mortality after ICD implant, as well as the possibility of pain-
ful shocks, is critical to help patients and families think about ICD implant in the 
setting of the patient values and preferences. Proxies are less likely to choose 
aggressive interventions when they are aware of the poor prognosis carried by 
dementia [27]. However it may be particularly complicated to weigh the benefit/
burden ratio of ICD implantation in patients with mild cognitive impairment or the 
earlier stages of dementia, because in general these patients have relatively main-
tained quality of life in the early stages, and as such patients and families may opt 
for decreasing the risk of sudden cardiac death.

 Decision-Making Around ICD Implantation

For all patients, ethical device implantation requires a shared decision-making 
model as this option is discussed. Medicine has entered an era of patient-centered 
care, in which the paternalistic concept that doctors know best and should thus make 
decisions for their patients has been replaced by a model that fosters patient- clinician 
collaboration. Shared decision-making (SDM), termed the “pinnacle of patient- 
centered care,” is the process by which clinicians and patients work together to 
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develop care plans based on clinical evidence that balance risks and expected out-
comes with patient preferences and values [26]. Making recommendations for an 
ICD without taking into account patients goals of care is inconsistent with medical 
ethical principles of autonomy [28]. For a patient with heart failure, the decision in 
considering an ICD is not between life and death but rather between accepting an 
ICD and having a potentially longer life with advancing heart failure or declining an 
ICD and having a potentially shorter life but maintaining the opportunity to die 
quickly [9]. Current heart failure guidelines specifically state that this trade-off 
should be discussed [29], and CMS now mandates a SDM interaction prior to CID 
implantation for patients prior to implantation of a device for primary prevention 
[30].

Data suggest that decision-making around ICD implantation is currently sub- 
optimal. Multiple studies [31, 32], as recently as last year [33], show significant 
misunderstanding about risks and benefits of ICDs. One survey of physicians 
described that physicians avoided discussion of risks of ICD in order to steer the 
patient away from a “bad decision” [34]. Further, detailed interview studies of 
patients considering ICDs reveal multiple cognitive biases in both those who accept 
and those who decline the device, further complicating decision-making [32, 35]. 
Many patients report not being told of the option of not getting an ICD or not being 
asked whether they wanted the device [36].

The current CMS coverage decision mandates not just SDM, but use of an 
“evidence- based decision tool on ICDs” prior to implantation [30]. One example is 
found at https://patientdecisionaid.org/wp-content/uploads/2017/01/ICD-
Infographic-5.23.16.pdf. In a recent Cochrane review [37] of 105 studies comparing 
use of decision-aids with general information for a variety of diseases, those using 
these tools felt better-informed with more accurate understanding of benefits and 
harms, as well as making decisions more consistent with their values. The tools did 
not worsen health outcomes and did not impact satisfaction. Early data evaluating 
the recommended tool for decision-making for primary prevention ICD implanta-
tion [38] suggested that it increased knowledge and satisfaction and reduced deci-
sional conflict and regret. Further research is needed to determine whether 
widespread, mandated use of a decision-aid for patients undergoing ICD implanta-
tion will improve the decision-making process.

 Ethical End of Life Care

For patients with an ICD implanted previously, ethical care as patients near the end 
of life mandates discussion of deactivation of the shocking function. The experience 
of dying patients receiving ICD shocks was first reported in the palliative care litera-
ture (“Death and Dying, a Shocking Experience” [39], “And It Can Go On and On 
and On…”) [40]. Through interviewing families of recently deceased ICD patients, 
Goldstein et al. found that 20% reported that their family member received shocks 
in the last weeks, days, or hours of their lives [41]. This number was likely an 
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underestimate; however, as in many cases, family may not have been aware of 
shocks received. More recently, Kinch Westerdahl et al. [42] definitively determined 
the frequency of shocks while dying, performing postmortem ICD interrogation in 
130 consecutive patients. Close to one-third received a shock in their last 24 h, many 
of whom had storms of over ten shocks, experiencing unnecessary pain while dying.

To what extent the failure to deactivate therapies stems from patient choice ver-
sus failure of the physician to communicate this option is unknown. Studies of 
patient preferences regarding ICD deactivation at end of life have shown mixed 
results. Several written surveys of ICD patients regarding preferences for ICD deac-
tivation in hypothetical situations have found that patients may not wish deactiva-
tion even in the setting of constant dyspnea or frequent shocks [43]. In the only 
series of patients actually facing the decision in whom the option of deactivation 
was discussed – six patients with terminal malignancies, all with a history of treated 
ventricular arrhythmias – none chose to turn off shocking therapies [7]. However, 
we found, in a recent interview study, again a survey of hypothetical situations, put-
ting ICD deactivation in the context of health outcomes such as functional and cog-
nitive disability known to influence decision-making, that most would at least 
hypothetically choose deactivation in some situations [44]. Thus it is more likely 
that the high number of patients who die with device therapies active does so not out 
of conscious choice but because they did not know deactivation was an option.

In order to decrease shocks and improve quality of life in dying patients, the 
Heart Rhythm Society convened a multidisciplinary group of doctors, nurses, 
patients, lawyers, and ethicists, whose recommendations were published in 2010 in 
the “HRS Expert Consensus Statement on the Management of Cardiovascular 
Implantable Electronic Devices (CIEDs) in patients nearing end of life or request-
ing withdrawal of therapy” [45]. This document described the ethical and legal 
underpinnings of deactivation of ICDs and highlighted the importance of proactive 
communication around ICD deactivation by clinicians.

 Ethical and Legal Principles Underlying Deactivation

As discussed in detail in the HRS document, deactivation of ICDs at a patient’s 
request is strongly supported by both ethical principles and legal precedents. The 
primary ethical principle supporting the withdrawal of life-sustaining therapies is 
respect for autonomy [46]. In a series of cases addressing withdrawal of life- 
sustaining therapies, the US courts have ruled that the right to make decisions about 
medical treatments is both a common law (derived from court decisions) right based 
on bodily integrity and self-determination and a constitutional right based on pri-
vacy and liberty [47, 48]. A patient has the right to refuse any treatment, even if the 
treatment prolongs life and death would follow a decision not to use it [49]. US 
Supreme Court decisions have made a clear distinction between withdrawing life- 
sustaining treatments and assisted suicide and euthanasia. In the case of Vacco v. 
Quill [50], Chief Justice Rehnquist wrote, “The distinction comports with 

10 Ethical Conundra in CIED Therapy: Ethical Implantation, Ethical End-of-Life Care



130

fundamental legal principles of causation and intent. First, when a patient refuses 
life-sustaining medical treatment, he dies from an underlying fatal disease or pathol-
ogy; but if a patient ingests lethal medication prescribed by a physician, he is killed 
by that medication... [In Cruzan] our assumption of a right to refuse treatment was 
grounded not…on the proposition that patients have a…right to hasten death, but on 
well established, traditional rights to bodily integrity and freedom from unwanted 
touching.” Further, courts have ruled that there is no legal difference between with-
drawing an ongoing treatment and not starting in the first place. Granting requests 
to withdraw life-sustaining treatments from patients, who do not want them, is 
respecting a right to be left alone and to die naturally of the underlying disease, a 
legally protected right based on the right to privacy. This has been phrased “a right 
to decide how to live the rest of one’s life.”

The Supreme Court has not specifically addressed the question of PM or ICD 
deactivation. However, the prior rulings did not focus on the specific therapy under 
question, but rather on “life-sustaining therapies.” The law applies to the person, 
and informed consent is a right of the patient—it is not specific to any one medical 
intervention [49, 51–53].Thus, because cardiac implanted electronic devices deliver 
life-sustaining therapies, discontinuation of these therapies is clearly addressed by 
the Supreme Court precedents upholding the right to discontinue life-sustaining 
treatment—“Procedures don’t have rights, patients do.” Finally, these rights extend 
to patients who lack decision-making capacity, through previously expressed state-
ments (e.g., advance directive) and surrogate decision-makers [51, 54, 55].

 Importance of Early, Proactive Communication

Timely and effective communication is critical to prevent painful shocks in patients 
nearing the end of their lives. When first reported in 2004, few patients had dis-
cussed deactivation with their physicians prior to death [41].Ten and 15 years later, 
many patients remain unaware of the possibility of deactivation [31]. As evidenced 
by a survey in 2018, a third of patients remain insufficiently aware of ICD deactiva-
tion [33]. Similarly, mention of an ICD in an advance directive (AD) was rare in 
2006 and 2007 [56, 57], and while the use of ADs is increasing, the proportion of 
ICD patients completing these remains under 50% [58]. Discussions of patients’ 
goals for their medical care as illness advances have been shown to improve quality 
of life for these patients [59]. Patients and their families want these interactions with 
their physicians [60, 61], yet they happen too rarely [41, 45].

Not only is it ethically permissible to discuss with patients their wishes for their 
care at the end of life, but it is also an ethical imperative to do so. The first principle 
of medical ethics is autonomy [46], which includes the rights of a patient to self- 
determination and the duty of clinicians to respect the patient’s wishes. Autonomy 
is maximized when patients understand the nature of their disease and all the 
options for treatment. These discussions should occur throughout the course of a 
patient’s illness, and the early implementation of an advance directive will maxi-
mize a patient’s self-determination should he or she become no longer capable of 
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decision- making, as well as decreasing ethical dilemmas and burden on caregiver 
surrogate decision-makers [45].

However, proactive communication by physicians regarding the option of ICD 
deactivation remains inadequate. Many barriers to these discussions have been iden-
tified [62, 63]. Clinicians report feelings that patients may not be “ready” or that 
such a discussion will destroy hope or general discomfort.

Clinicians must take a proactive role in discussions about the option of deactivation 
in the context of the patient’s goals for care. These conversations should include a 
discussion of quality of life, functional status, perceptions of dignity, and both current 
and potential future symptoms, as each of these elements can influence how patients 
set goals for their health care [45]. These conversations should continue over the 
course of the patient’s illness. As illness progresses, patient preferences for outcomes 
and the level of burden acceptable to a patient may change [64, 65]. Advanced care 
planning conversations improve outcomes for both patients and their families [59], as 
patients with ICDs who engage in advance care planning are less likely to experience 
shocks while dying because ICD deactivation has occurred [66]. Studies show that 
patients and families desire conversations about end-of-life care [60, 61, 67].

Palliative care consultation can also play a role [45, 68]. The goal of palliative 
care is to relieve suffering and improve quality of life for patients with advanced 
disease, and palliative care can be simultaneous with life-prolonging care [69]. 
Palliative care clinicians are expert at discussing values and preferences. Palliative 
care consultation has been associated with increased use of ADs in patients with 
ICDs [58]. However, cardiologists cannot abdicate responsibility for discussion 
with patients. As described by Quill, an overreliance on palliative care specialists 
may undermine the therapeutic relationship and further fragment care, and he has 
advocated a “sustainable model for palliative care” as involving both general physi-
cians and palliative specialists [70].

Ongoing efforts may improve communication around ICD deactivation. An 
ongoing multicenter randomized trial, “Working to Improve Discussions About 
Defibrillator Management” (WISDOM), is currently evaluating the efficacy of a 
communication intervention to increase conversations about advance care planning 
between heart failure clinicians and advanced heart failure patients with ICDs [71], 
with the primary endpoint of a goals-of-care conversation between patients and cli-
nicians and secondary endpoints ICD deactivation and patient and bereaved satis-
faction with care. Incorporation of advanced care planning into the consent process 
at the time of implant has been suggested [72]. Training of cardiologists in com-
munication around goals of care is critical [63, 73].
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